E. Schiller 



Free Radicals and Inhalation Pathology 



Springer- Verlag Berlin Heidelberg GmbH 




Erich Schiller 



Free Radicals and 
Inhalation Pathology 

Respiratory System 
Mononuclear Phagocyte System 
Hypoxia and Reoxygenation 
Pneumoconioses and other Granulomatoses 
Cancer 



Forewords by Wilhelm Kriz and Helmut Bartsch 
With 350 Figures, Some in Colour, and 58 Tables 



Dr. Erich Schiller 
Am Hirschgraben 8 

63150 Heusenstamm 
Germany 



Additional material to this book can be downloaded from http://extras.springer.com. 

ISBN 978-3-642-62201-4 ISBN 978-3-642-18619-6 (eBook) 

DO I 10.1007/978-3-642-18619-6 

Library of Congress Cataloging-in-Publication Data 

Schiller, Erich, 1922 - Free radicals and inhalation pathology : respiratory system, mononuclear pha- 
gocyte system : hypoxia and reoxygenation : pneumoconioses and other granulomatoses : cancer/ 
Erich Schiller p. ; cm. Includes bibliographical references and index. 

ISBN 978-3-642-62201-4 

1. Lungs-Pathophysiology. 2. Active oxygen-Pathophysiology. 3. Active nitrogen-Pathophysiology. 
4. Free radicals (Chemistry)-Pathophysiology. 5. Granuloma. 

I. Title. [DNLM: 1. Lung Diseases-etiology. 2. Free Radicals-adverse effects. 3. Lung-physiology. 
WF 600 S355f 2003] 

RC756.S34 2003 616.2’407-dc21 2003045745 

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is 
concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, broad- 
casting, reproduction on microfilm or in any other way, and storage in data banks. Duplication of this 
publication or parts thereof is permitted only under the provisions of the German Copyright Law of 
September 9, 1965, in its current version, and permission for use must always be obtained from 
Springer-Verlag. Violations are liable for prosecution under the German Copyright Law. 



http://www.springer.de 
© Springer-Verlag Berlin Heidelberg 2004 

Originally published by Springer-Verlag Berlin Heidelberg New York in 2004 
Softcover reprint of the hardcover 1 st edition 2004 

The use of general descriptive names, registered names, trademarks, etc. in this publication does not 
imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 

Product liability: The publishers cannot guarantee the accuracy of any information about dosage and 
application contained in this book. In every individual case the user must check such information by 
consulting the relevant literature. 

Cover-Design: design & production GmbH, Heidelberg 
Typsetting: Mitterweger & Partner, Plankstadt 

Printed on acid free paper 24/3150 hs - 543210 




Forewords 



This book is unique. It is written by a distinctive author who grew up as the son of an 
astronomer right in the middle of the observatory in Leipzig. In 1940, he became a 
student of Max Clara and Wolfgang Bargmann, both of whom evoked an enormous 
enthusiasm for histobiology in the young student, causing him to pursue this science 
over the course of his life. 

Anatomy perceived as a dynamic science, both in its functional orientation and 
experimental approach, has molded the author into a multifaceted scientist. In the 
present work, the author successfully combines morphology, biochemistry, and phy- 
siology, providing the basis for a comprehensive understanding of the normal and 
abnormal structure and function of the lung. 

Although many people suffer from pulmonary diseases in modern industrial 
countries, pneumonology as a whole is a neglected science in Germany. This book 
hopes to stimulate pulmonary research in Germany and to lead to a new impetus of 
progress in lung disease treatment. The book centers around oxygen and nitrogen 
in their reactive species; as superoxide and hydroxide radicals and nitrogen oxide 
radicals, these compounds are Janus-faced. One the one hand, these compounds are 
important mediators of pulmonary function, on the other hand, their damaging 
capabilities decisively contribute to many pulmonary diseases. This book describes 
their formation, reactivity, suppression, and detoxification and illuminates the ways to 
avoid their damaging effects in order to maintain health and longevity. 

The book is an admirable opus that I am happy to most warmly commend. 

Wilhelm Kriz 
Professor of Anatomy 
and Cell Biology 



When about 50 years ago the author together with the internist, Gunther Worth pub- 
lished “Die Pneumokoniosen”, this book had become a well-known standard for more 
than twenty years in Germany, until in 1976 the Handbook of internal medicine toock 
up pulmonary industrial diseases to form an individual volume. Meanwhile, air pollu- 
tion has grown to a worldwide problem outside the industrial setting where every- 
where and everybody may be exposed by inhalation to harmful dusts, vapours, and 
gases. Basic scientific research has meanwhile revealed that free radicals are not only 
a matter of chemistry as they were a century ago at Fenton’s times, but are recognised 
now as foe and fried in biochemistry and histobiology. Crushing of mineral dusts pro- 
duces unpaired electrons on the surface of the particles and phagocytosis of any 
particle involves the production of reactive oxygen species. As a student of Max Clara 
in Leipzig E. Schiller became very interested in the histobiology of the cells of the 
bronchial tree named Clara cells. First under the light microscope and then by trans- 
mission electron microscopy, he showed remarkable changes to occur in the number, 
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Forewords 



size and structure of the bronchiolar epithelial cells of the rat after dust inhalation and 
drug therapy. In cardiovascular pharmacology, the author learned to fight against car- 
diac and cerebral hypoxia where reoxygenation produced reactive oxygen species too. 
The introduction of the sydnonimines as nitric oxide donors into therapy of is- 
chaemic heart disease opened to hom the field of the ultrastructural analysis of the 
hypoxic, cold/immobilization- and isoproterenol-stressed rat myocardium. After he 
retired from industry the author re-entered basic pneumoconiosis research; together 
with the late K. D. Friedberg at the Institute of Pharmacology, Faculty of Clinical Med- 
icine, Mannheim, University of Heidelberg he wrote the chapter “Silicon” in the 
“Handbook on Toxicology of Inorganic Compounds”. With J. W. Zeller from the Ger- 
man Cancer Research Center he became engaged in quantitative research on free rad- 
ical by luminescence analysis of alveolar macrophages in vitro. 

The comprehensive treatise that E. Schiller has now completed after many years of 
meticulous work is a concise summary of a complex field and moreover a unique 
source of about 25,000 relevant literature citations which are brought up-to-date. Also 
the introduction, describing the historical development of the field, is woth reading as 
it is superbly illustrated by photographs of leading personalities together with facsi- 
miles of the original cover pages of books and articles from medieval times. This vol- 
ume would not only be of interest to students in life sciences but is highly informative 
also for clinicians, toxicologists and scientists working in the field of occupational 
medicine and related health services. The readability of the text in each of the 21 
chapters is greatly facilitated by the high quality of many superb graphical illustra- 
tions and micrographs and the clear description of important mechanistic aspects of 
free radical pathogenesis. This multifaceted field has lately gained an immense impor- 
tance in understanding chronic degenerative diseases, including aging, to which a 
chapter in this volume is dedicated. 



Helmut Bartsch, Ph.D. 
Professor of Toxicology, 
University of Heidelberg 



Preface 



When I started doing experimental pneumoconiosis research more than 50 years ago, 
Selye’s concept of stress was the leading explanation of pathogenesis of connective tis- 
sue and of vascular disease. This led me to attempt experimental prophylaxis by admi- 
nistering antistress hormones to rats and mice injected with particulate matter. Once 
my field of research changed from pulmonary to cardiovascular and cerebral hypoxic 
states, I aimed my experiments at oxidative stress during reperfusion following hy- 
poxia. In addition to electron microscopy and histochemistry, I also made use of bio- 
physics (a field that my younger daughter is qualified to lecture on) to study photoe- 
mission from reactive species arising from crushing quartz particles and engulfing 
particulate matter by mononuclear phagocytes. The question of carcinogenesis by re- 
spirable industrial waste - particles and vapours - led to the topics of oxidative DNA 
lesions, chromosomal breaks and mutagenicity. 

I wish to gratefully acknowledge all those who have helped in experimental work 
and in the preparation of this book: Prof. H. Brettschneider (Essen), Prof. L. Vollrath 
(Mainz) and Prof. U. Bleyl (Mannheim), who provided me with access to their elec- 
tron microscopy facilities and much good advice. I owe thanks to Prof. W.J. Zeller 
(German Cancer Research Centre, Heidelberg) for enabling me to do biophysical 
studies on photoemission by reactive species. In particular, I wish to express my ap- 
preciation for the kindness, assistance and patience manifested by the staff of the 
Library of the German Cancer Research Centre while I was gathering the data for this 
volume. Furthermore, I wish to thank Prof. W. Kriz and Prof. H. Bartsch (University 
of Heidelberg) for the kind forewords they penned for this monograph. And finally, 
let me extend my special thanks to Springer- Verlag for the excellent layout of this 
book and for the presentation of the voluminous bibliography on a compact disk, al- 
lowing for a literature search by either author or subject. 



Erich Schiller 
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History and Scientific Background 



CHAPTER 1 



Introduction 



In spite of his intelligence man exposes himself to 
industrial hazards. The understanding of disease 
and its provocation has not prevented him from en- 
dangering himself to some extent in his behaviour 
and activities (Erich Muller 1969, p.92). There is 
not any gradual evolution from the animals’ in- 
stinct to man’s intellect, but, according to Arnold 
Gehlen (1950), just a tendency to their mutual ex- 
clusion. “The individual, however, who owns noth- 
ing but his labor power, has little choice. Since he is 
obliged to make a living, he must accept work wher- 
ever the labor market can absorb him, whether this 
work is dangerous or not” (Sigerist 1943). “The 
incidence of cancer in middle and old age can, in 
principle, be reduced by 80%-90% and the risk 
worldwide could be halved, although the methods 
required are not always socially acceptable” (Doll 
1998). 

In industrialised nations, more than 20% of all 
severe diseases concern the respiratory organs 
(Ferlinz 1983). Bronchitis (Table 1), emphysema 
(Table 2) and pulmonary carcinoma (Table 3) are 
found to be caused in whole or in part by environ- 
mental pollution (Toomey and Petersilge 1944, 
Pemberton and Goldberg 1954, Pemberton 
1961, Fournier 1964, Udo Smidt 1983, Tomatis 
1990, Pless-Mulloli et al. 1998). 

Cigarette smoking is associated with airway in- 
flammation and the development of chronic ob- 
structive pulmonary disease (COPD). A variety of 

Table 1 . Aetiology of chronic bronchitis 

I. Exogenous factors 

1. Smoking 

2. Occupation (dust, nitrous gases, S0 2 ) 

3. Air pollution/dwelling area (overcrowded areas) 

4. Socio-economic status (?) 

5. Climate (damp and cold) 

II. Past illness 

1. Acute bronchitis (viruses, S0 2 , formaldehyde) 

2. Pulmonary disease in childhood 

3. Sinusitis 

4. Disturbances of respiratory mechanics (thoracic 
deformities, hyperalimentosis) 

5. Standard of living (alcohol, air conditioning, sprays) 



cells appear to be involved in this inflammatory 
process including neutrophils (1), eosinophils (2), 
mononuclear phagocytes (3), and T-lymphocytes 
(4). Cigarette smoke causes release of interleukin-8 
from epithelial cells in dependence on epidermal 
growth factor activation, and the autocrine produc- 
tion of transforming growth factor-a makes a sub- 
stantial contribution to this response (Richter 
et al. 2002). In male A/J mice, a Bowman-Birk pro- 
tease inhibitor concentrate, while being effective 
against 3-methylcholanthrene, failed to modulate 
tobacco smoke-induced lung-tumour development 
( Witschi and Espiritu 2002). 

Adult Sprague-Dawley rats exposed to concen- 
trated ambient particle aerosols for 5 h showed sig- 
nificant oxidative stress, determined as in situ 
chemiluminescence in the lungs and heart, but not 
liver (Gurgueira et al. 2002). Increases in oxidant 
levels were also triggered by highly toxic residual 
oil fly ash particles but not by particle-free air or by 
inert carbon black aerosols (control particles). In- 
creases in chemiluminescence showed strong asso- 
ciation with the content of iron, manganese, copper, 
and zinc in the lung and with iron, aluminium, sili- 
con, and titanium in the heart. 

Residual oil fly ash (ROFA) is an emission-source 
air pollutant which is generated from the burning 
of low sulphur residual oil. ROFA is composed of 
metals, sulphates, acids, and unknown materials, 
which are complexed to an insoluble, “inert” partic- 
ulate core (Pritchard et al. 1996, Dreher et al. 
1997). ROFA is an industrial air pollutant, the tra- 
cheal instillation of which produced airways hyper- 
responsiveness and acute lung injury, consisting of 

Table 2. Aetiology of pulmonary emphysema 
I. Exogenous factors 

1. Smoking (chronic bronchitis — » centrilobular 
emphysema) 

2. Allergy (asthma bronchiale) 

II. Endogenous factors 

1. Proteolysis (a r antitrypsin deficiency — > panlobular 
emphysema) 
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epithelial damage, pulmonary oedema, haemor- 
rhage, and the influx of neutrophils, macrophages, 
and eosinophils into the pulmonary interstitium 
(Dreher et al. 1997, Dye et al. 1997, Kodavanti 
et al. 1997). ROFA exposure causes the release of in- 
flammatory cytokines and reactive oxygen species, 
and apoptosis in cultures of rodent macrophages, 
whereas it produces an oxidative burst followed by 
apoptosis in human alveolar macrophages (Becker 
et al. 1996). In the BEAS-2B cell line derived from a 
human bronchial epithelial tumour cell, ROFA im- 
mediately (<30s) increased intracellular calcium 
levels, increased key inflammatory cytokine tran- 
scripts within 2-h exposure, and subsequent release 
of interleukins-6 and -8 cytokine protein after 4-h 
exposure (Veronesi et al. 1999). 

When alveolar macrophages and airway epithe- 
lial cells are directly exposed to inhaled atmos- 
pheric particles, these small particles are phagocy- 
tised by both cell types (Mukae et al. 2001). Several 
studies have shown that particulate matter with a 
diameter of < 10 fim stimulates the production of 
reactive oxygen species and inflammatory media- 
tors by alveolar macrophages (Monn and Becker 
1999, Mukae et al. 2000, Van Eeden et al. 2001) 
and airway epithelial cells (Carter et al. 1997, 
Mills et al. 1999, Fujii et al. 2001). 

The oil fly ash particulates showed a significant 
dose-dependent increase in 2’-deoxyguanosine hy- 
droxylation to 8-oxo-2’-deoxyguanosine formation 
over the control 2’-deoxyguanosine (Prahalad 
et al. 2001). Metal ion chelators and dimethylsul- 
phoxide, a hydroxyl radical scavenger, inhibited this 
hydroxylation. In contrast, desert dust, coal fly ash, 
and urban air particles induced 8-oxo-2’-deoxygua- 
nosine with yields ranging from 0.003 to 0.006 %, 
respectively, with levels unaffected by pre-treatment 
of the particles with metal ion chelators or addition 
of dimethylsulphoxide to the incubation mixture. 

In response to injury caused by various pollu- 
tants, toxicants, and carcinogens, proximal and dis- 
tal airway epithelial cells lose their normal secre- 
tory functions and express squamous and keratinis- 
ing properties (Plopper 1997). 

Brochopulmonary carcinomas, thought to be 
generated by tobacco smoking and various occupa- 
tion exposures, are the most common malignant 
tumours and are the major cause of cancer death 
(Vainio and Boffetta 1994, Steenland et al. 
1996, Parkin et al. 1999). Although all or almost all 
of the current chemoprevention studies in the USA 
use serial bronchoscopic biopsies to evaluate re- 
sponse, there is no information available on the ef- 
ficacy of this approach. While histopathological 
evaluation is the «gold standards, many studies uti- 
lise molecular or other biological endpoints. For 



these reasons, Wistuba and Gazdar (2000) under- 
took an evaluation of the size and frequency of the 
molecularly altered (allelic loss and microsatellite 
alterations) clonal patches in smoking damaged ep- 
ithelium. 

On the basis of chemical analysis of 256 lung 
specimens with carcinomas resected in Japan in the 
period 1991-1996, the concentration of 1-nitro- 
pyrene was 19.7 ± 10.5 pg/gdry weight, and that of 
the dinitropyrenes was 3.50±0.12 to 6.26+1.76 pg/ 
g (Tokiwa et al. 1998). Aryl hydrocarbon hydroxyl- 
ase biotransforming polycyclic aromatic hydrocar- 
bons from tobacco smoke to the proper carcinogen 
(Korsgaard et al. 1983, Trell et al. 1984) was in- 
duced in human alveolar macrophages and periph- 
eral lymphocytes (McLemore and Martin 1977, 
McLemore et al. 1977, 1978). Zeller and 

Schmahl (1985, p. 75) would like to pick out cer- 
tain risk groups of smokers owing to an increased 
inducability of the enzyme. Smokers showed a sig- 
nificant decrease in complex IV activity of the mito- 
chondrial respiratory chain, while the rest of the 
complexes of the mitochondrial respiratory chain 
were unaffected (Miro et al. 1999). Lipid peroxida- 
tion of lymphocyte membranes was increased in 
smokers compared to the non-smokers and this in- 
crease correlated positively with succinate oxida- 
tion activation and, to a lesser extent, with complex 
IV inhibition, although it did not reach statistical 
significance. This mitochondrial dysfunction could 
contribute to increased endogenous production of 
reactive oxygen species and could play a role in to- 
bacco carcinogenicity. Nakachi et al. (1993) found 
an association of the susceptibility of a Japanese 
population to lung cancer in relation to cigarette 
dose and the polymorphism of the CYP1A1 and 
glutathione transferase genes. Cytochrome P 450 lo- 
calised in the bronchiolar Clara cells (Serabjit- 
Singh et al. 1980) will occupy us in its correlation 
to the respiratory burst and the activation of xeno- 
biotics. Deilhaug et al. (1985) attributed the path- 
oklisis of Clara cells for some carcinogens not only 
with their cytochrome P 450 -dependent monooxy- 
genase system (Serabjit-Singh et al. 1980): their 
poor supply with enzymes-repairing DNA as O 6 - 
alkylguanine-DNA alkyltransferase and uracil-DNA 
glycosylase and their function as stem cells for re- 
generative processes in the bronchiolar epithelium 
(Jeffery and Reid 1977) predestine the Clara cell 
for tumours induced by xenobiotics. In vitro, oxy- 
gen radicals significantly augmented the genotoxi- 
city of tobacco-specific nitrosamines (Weitberg 
and Corvese 1990). In a multicentre study on lung 
cancer patients Bartsch et al. (1992) demonstrated 
a pronounced effect of tobacco smoke on pulmo- 
nary metabolism of xenobiotics and prooxidant 
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Table 3. Aetiology of pulmonary carcinoma 



I. Exogenous factors 

1. Smoking (Auerbach etal. 1957, 1961, 1979, Ochsner etal. 1960, Oettle 1963, Ochsner 1973; cf. Eck et al. 1969, 
Zeller and Schmahl 1985, Vineis 1997) 

2. Occupation 

Arsenic compounds in winegrowers (Bauer 1954, Roth 1956, 1957, 1958, Denk et al. 1969, Brain and Valberg 
1979), employees formulating and packaging insecticides that contain arsenic (Ott et al. 1974, Chovil 1979), and 
smelters exposed to arsenic trioxide (Lee and Fraumeni Jr 1969, Dahlgen 1979) 

Asbestos (Gloyne 1935, Nordmann 1938, Linzbach and Wedler 1941, Boemke 1943, 1953, Werber 1952, Bohlig 
1955, Chauvet and Feuardent 1955, Jacob and Bohlig 1955, Bohlig and Jacob 1956, 1958, Chauvet 1958, 
Bohme 1959, Kannerstein and Churg 1972, Whitwell et al. 1974, Brain and Valberg 1979, Chovil 1979, Beck 
and Schmidt 1984, Johnson et al. 1997, Kraus et al. 1997, McLean and Patel 1997, Hodgson and Darnton 2000) 
Beryllium compounds (Kahlau 1954, p. 381, Hardy 1962, Niemoller 1963) 

Cadmium (Lemen et al. 1976, Takenaka et al. 1983, Stayner et al. 1992, Sorahan and Lancashire 1997) 
Chloromethyl ether (Figueroa et al. 1973, Sakabe 1973, Bettendorf 1976, 1977, Weiss and Figueroa 1976, 
Reznik et al. 1977, Chovil 1979, Weiss et al. 1979) 

Chromates (Lehmann 1932, Teleky 1936, Alwens and Jonas 1938, Alwens 1939, Gross and Koelsch 1943, 
Letterer 1944, Letterer et al. 1944, Macgle and Gregorius 1948, Baetjer 1950, Bidstrup 1951, Hueper 1951, 
Mancuso 1951, 1975, Imprescia 1952, Spannagel 1953, Kahlau 1954, Bidstrup and Case 1956, Rinck 1956, 
Grushko 1961, Enterline 1974, Ohsaki et al. 1974, 1978, Lang'ird and Norseth 1975, Michel-Briand and Simo- 
nin 1977, Takemoto et al. 1977, Brain and Valberg 1979, Chovil 1979, Zober 1979, Langird et al. 1980, 1990, 
Abe et al. 1982, Sheffet et al. 1982, Tsuneata 1982, Brochard et al. 1983, Frenzel-Beyme 1983, Langird and 
Vigander 1983, Davies 1984, Watanabe and Fukuchi 1984, Becker et al. 1985, Kim et al. 1985, Nishiyama et al. 
1985, Norseth 1986, Persson et al. 1986, De Marco et al. 1988, Hayes et al. 1989, Alcedo and Wetterhahn 1990, 
Langird 1990, 1993, Costa 1991, Standeven and Wetterhahn 1991, Popper et al. 1992, Triebig 1992, Sorahan 
et al. 1998, Sorahan and Harrington 2000) 

Coal and biomass indoor exposure (Kleinerman et al. 2002) 

Cobalt (Brain and Valberg 1979) 

Diesel exhaust (Garshick et al. 1987, Oberdorster et al. 1992, Lipsett et al. 1997) 

Ethylene oxide (Kirchhoff et al. 1999) 

Nickel compounds (Bidstrup 1950, Znamenskii 1963, Doll et al. 1970, 1977, Pedersen et al. 1973, Kreyberg 1978, 
Brain and Valberg 1979, Chovil 1979, Chovil et al. 1981, Ivankovic et al. 1988) 

Products of coal carbonisation (Lloyd 1971, Redmond et al. 1972) 

Quartz dust (Katabami et al. 2000, Latza and Baur 2000, Latza et al. 2000, Ulm et al. 2000) 

Radon (Pirchan and Sikl 1932, De Villiers and Windish 1964, Perraud et al. 1970, Lundin et al. 1971, Sacco- 
manno et al. 1973, Sevc et al. 1976, Tomasek et al. 1994, Placer et al. 1997, Bruske-Hohlfeld et al. 1998) 

Vinyl chloride (Waxweiler et al. 1976) 

II. Endogenous factors 

1. Lack of class p isoenzymes of glutathione transferase (Seidegird et al. 1990) 



state and suggested the existence of a metabolic 
phenotype at higher risk for tobacco-associated 
lung cancer. Superoxide generated by cigarette 
smoke damages the respiratory burst and induces 
physical changes in the membrane order and water 
organisation of rat polymorphonuclear granulo- 
cytes (Tsuchiya et al. 1992, 1993) and Jurkat T 
lymphocytes (Tsuchiya et al. 1993). Asbestos fibres 
and cigarette tar act in a co-operative or synergistic 
way in the generation of hydroxyl radical spin ad- 
ducts (Valavanidis etal. 1996). Asbestos induced 
apoptosis of human and rabbit pleural mesothelial 
cells via reactive oxygen species (Broaddus et al. 
1996). Incubated for < 27 h in phosphate buffer, 
pH 7.5, chrysotile asbestos induced hydroxyl 
radical-mediated hydroxylation of deoxyguanosine 
about ten times more than did man-made rock 
wool and glass fibres (Leanderson et al. 1988). Ex- 
posure to cigarette smoke can increase apoptosis in 
the rat gastric mucosa through a reactive oxygen 



species-mediated and a p53-independent pathway 
(Wang et al. 2000). The apoptotic effect could be 
blocked by pre-treatment with a xanthine oxidase 
inhibitor (allopurinol, 20 mg/kg i.p.) or a hydroxyl 
radical scavenger (dimethyl sulphoxide). Neither 
of these treatments had any effect on p52 levels of 
the mucosa. Whereas high dietary (S-carotene 
could inhibit the conversion of skin papillomas to 
carcinomas, such treatment would not be expected 
to inhibit smoke-induced lung tumours (Wolf 
2002). 

Cigarette smoking causes 87 % of lung cancer, 
60 % of upper aerodigestive cancer, and 8 % of 
other cancers. In the last group, smoking is a recog- 
nised cause of cancer of the pancreas, bladder, kid- 
ney, liver and colon (IARC 1986, Doll 1996, Gio- 
vannucci 2001). Studies in humans demonstrated 
that tobacco constituents could reach breast tissue 
(Hecht 2002). The uptake and metabolic activation 
of mammary carcinogens such as polycyclic aro- 
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matic hydrocarbons and 4-aminobiphenyl are fre- 
quently higher in smokers than in non-smokers. 

The debate on the interaction of asbestos and 
smoking in lung cancer has been concentrated on 
two hypotheses: additive (asbestos and cigarette 
smoke act independently) and multiplicative (as- 
bestos produces an effect proportional to the effect 
of smoking). Although case-referent studies seemed 
to support the multiplicative hypothesis, the infor- 
mation from them is essentially unreliable. Thus it 
cannot weaken the conclusions from the cohort 
studies, that the multiplicative hypothesis is unten- 
able and that the relative risk of lung cancer from 
asbestos exposure is about twice as high in non- 
smokers as in smokers (Liddell 2001). The abso- 
lute risks are, of course, substantially less in non- 
smokers than in smokers. 

The variations in cancer incidence between dif- 
ferent regions of the world give the impression that 
the majority of human cancers (around 80% ac- 
cording to Higgins 1969), are due to environmen- 
tal factors. The relative lack of importance of ge- 
netic differences between races and populations can 
be deduced from the data on cancer incidence in 
migrants (Kmet 1970), as the cancer morbidity of 
these populations changes over time and becomes 
similar to that of the country to which they migrate. 
The epidemiological data on cancer morbidity are 
vital in the studies on environmental carcinogene- 
sis (Griciute 1978). Our goal can only be the re- 
duction of environmental carcinogens to unavoid- 
able background levels (Tomatis 1969). 

Urban levels of air pollution (downtown Sao 
Paulo) modified the progression of urethane (3 g / 
kg)-induced lung tumours in mice (Cury et al. 
2000). Urban particles consist of three modes: ul- 
trafine particles, accumulation mode particles 
(which together form the fine particle mode) and 
coarse mode particles. Ultrafine particles (those of 
< 100 nm diameter) contribute very little to the 
overall mass, but are very high in number, which in 
episodic events can reach several hundred thou- 
sand/cm 3 in the urban air. The hypothesis that ul- 
trafine particles are causally involved in adverse re- 
sponses seen in sensitive humans is based on sev- 
eral studies summarised by Oberdorster (2001). 
Timblin et al. (2002) demonstrated the develop- 
ment of dose-related proliferation and apoptosis af- 
ter exposure of an alveolar epithelial cell line (CIO) 
to particulate matter or to ultrafine carbon black, a 
component of particulate matter. Ribonuclease pro- 
tection assays demonstrated that increases in 
mRNA levels of the early response protooncogenes 
c-jun, junB, fra-l, and/ra-2 accompanied cell pro- 
liferation at low concentrations of particulate mat- 
ter whereas apoptotic concentrations of particulate 



matter caused transient increases in expression of 
fos and jun family members and dose-responsive 
increases in mRNA levels of receptor- interacting 
protein, Fas-associated death domain, and caspase- 
8. Significant increases in steady-state mRNA levels 
of protooncogenes and apoptosis-associated genes, 
TNFR-associated death domain, and Fas were also 
observed after exposure of epithelial cells to ultra- 
fine carbon black, but not fine carbon black or glass 
beads, respectively, suggesting that the ultrafine 
particulate component of particulate matter is criti- 
cal to its biological activity. 

Low-boiling (<1600°C) elements Pb; Ba; Y, Sr, 
Rb, As, and Zn can be concentrated several orders 
of magnitude higher in fly ash particles collected on 
a Millipore backup filter following a cascade impac- 
tor, than in those collected on the last impactor 
stage (Sparks). The high-boiling elements Fe, Cu, 
and Ga did not show this effect. Scanning electron 
microscopic analyses (Hulett) of individual fly ash 
particles that had been etched with a beam of argon 
ions confirm that at least Ni, Cr, and Zn are consid- 
erably more concentrated on particle surfaces than 
in their interiors. 

Using electron paramagnetic resonance, Del- 
linger et al. (2001) examined samples of airborne 
fine particles with a mean aerodynamic diameter of 
less than 2.5 pm and found large quantities of radi- 
cals with characteristics similar to semiquinone 
radicals. Semiquinone radicals are known to un- 
dergo redox cycling and ultimately produce biologi- 
cally damaging hydroxyl radicals. Aqueous extracts 
of these samples induced damage to DNA in human 
cells and supercoiled phage DNA. Superoxide dis- 
mutase, catalase, and deferoxamine abolished this 
DNA damage, implicating the superoxide radical, 
hydrogen peroxide, and the hydroxyl radical in the 
reactions inducing DNA damage. 

Studies of large numbers of lung cancers have 
demonstrated different patterns of involvement be- 
tween the two major groups of lung carcinomas, 
namely small cell lung carcinoma and non-small 
cell lung carcinoma (Virmani et al. 1998) and be- 
tween the three major histologic types of lung car- 
cinomas, small cell lung carcinoma, squamous cell 
carcinoma and adenocarcinoma (Shivapurkar 
et al. 1999, Wistuba et al. 1999, 2000). Thus, ge- 
netic abnormalities in lung cancer can be classified 
into two groups, those common to all lung cancers 
and those associated with a specific histologic type 
of lung cancer. 

Mucosal changes in the large airways that may 
precede or accompany invasive squamous cell carci- 
noma include hyperplasia of basal and goblet cells, 
squamous metaplasia, squamous dysplasia and car- 
cinoma in situ (Saccomanno et al. 1976). Gersing 
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(1956, p. 13) attributed the ability of quartz dust to 
perforate the bronchial mucous film and irritate the 
ciliated cells underneath to its hydrophilia. In the 
rat, hypertrophy and hyperplasia 6 months after an 
intracheal instillation of quartz dust were demon- 
strated by Schiller (1962). However, inert parti- 
cles as elementary silicon also damaged the epithe- 
lium. Low concentrations of quartz (7- 10 mg/m 3 
for 7 h/d, 5 d/week) inhaled up to 60 days induced a 
prominent increase in bronchiolar Clara cells con- 
taining large vacuoles indenting the nucleus (Dhom 
and Sauer 1967). Short-time inhalations of quartz 
dust and of other cytotoxic modifications of silica 
considerably increased the mitosis rate in the alveo- 
lar region (Strecker 1967). On the first days after 
quartz inhalation, the bronchial epithelium ap- 
peared to be irritated and more mitoses were evi- 
dent than in control rats or after the inhalation of 
innocuous dusts. Pulmonary malignancies (epider- 
moid tumours and adenocarcinoma) in female spe- 
cific pathogen-free Sprague-Dawley rats exposed to 
a mixture of coal + quartz dusts (200 mg/m 3 ) for up 
to 24 months (5 h/day, 5 days/week, every second 
week) were detected in 32 of 72 rats, while in 485 
control rats of same age no lung tumour was ob- 
served (Martin et al. 1977). 

Although chronic bronchitis is frequently found 
among miners, the relatively low frequency of bron- 
chial cancer among Ruhr area coalminers makes it 
improbable that chronic bronchitis had a dominant 
effect on the development of bronchial carcinoma, 
and therefore bronchial carcinoma should not be 
regarded as an occupational disease among anthra- 
cosilicosis patients (Schimanski and Rosmanith 
1974). 

The association between exposure to asbestos 
dust and the development of lung carcinoma and 
diffuse mesotheliomata of the pleura and perito- 
neum has been well documented (Selikoff and 
Lee 1978). Both crocidolite and amosite were capa- 
ble of augmenting the oncogenic effect of benzofa]- 
pyrene. This putative synergistic effect was evident 
when fibres and chemicals were added to cultures 
of murine fibroblast cultures as simple mixtures 
and when benzo[a]pyrene was adsorbed to the sur- 
face of the fibres (Brown et al. 1983). 

Mesothelioma is expected to increase during the 
next 20 years (Peto et al. 1995), but 20 % of patients 
with malignant mesothelioma have no detectable 
evidence of asbestos exposure (Brochard et al. 
1993, Pairon et al. 1994). Cicala et al. (1993) and 
Carbone et al. (1994) demonstrated the presence 
of SV40-like DNA in mesotheliomas and thus sug- 
gested a potential implication of SV40 in mesotheli- 
oma oncogenesis (Carbone et al. 1994). At expo- 
sure levels seen in occupational cohorts Hodgson 



and Darnton (2000) concluded that the exposure 
specific risk of mesothelioma from the three princi- 
pal commercial asbestos types is broadly in the ra- 
tio 1:100:500 for chrysotile, amosite and crocido- 
lite, respectively. 

In keeping with the role of the cytochromes P 450 
as one of the body’s main lines of defence against 
toxic foreign chemicals, the expression in normal 
tissues of the major xenobiotic-metabolising fami- 
lies of cytochromes P 450 (cytochrome P 450 families 1, 
2, and 3) is characteristically in those tissues which 
are potentially exposed to environmental chemicals 
(the liver, lung, small intestine, and kidney). Cyto- 
chrome P 450 expression has been identified in carci- 
nomas developing in several different tissue includ- 
ing the lung (McLemore et al. 1990). However, in 
many human tumours the level of cytochrome P 450 
enzymes, including CYP2B6 4-hydroxylating cyclo- 
phosphamide, is reduced (Hayes and Wolf 1990), 
but many of the activation reactions of anticancer 
drugs are dependent on the action of members of 
the cytochrome P 450 gene superfamily (Nebert 
et al. 1991). The important variations in lung cancer 
include polymorphism at the cytochrome P 450 gene 
(CYP) loci and the glutathione S-transferases (GST) 
Ml gene cluster. Individuals with the rare combina- 
tion CYP1A1*2A/*2A or *2A/*B and GSTMl*0/*0 
showed significantly higher benzo [a ] pyrene diol- 
epoxide DNA adduct levels (Rojas et al. 1998). 
Therefore, combination of homozygous mutated 
CYP1A1 and GSTMl*0/*0 genotypes lead, at a simi- 
lar or even lower smoking dose, to a stronger in- 
crease of anfi-benzo[a]pyrene diol-epoxide DNA 
adduct levels than found in individuals with 
CYP1A1 and GSTM1 wild-type. CYP2D2 (debriso- 
quine 4-hydroxylase) bioactivates 4-(methylnitros- 
amino)-l-(3-pyridyl)-l-butanone as well as nico- 
tine. The relationship between lung cancer risk and 
the CYP2D6 phenotype and/or genotype has been 
the subject of numerous studies (Caporaso et al. 
1995, Christensen et al. 1997). CYP3A5, but not 
CYP3A4, is present constitutively (Raunio et al. 
1999). The presence of the mutated MSP fragment 
in the CYP1A1 gene may be responsible for an in- 
creased incidence of lung cancer in the Japanese 
population (Hayashi et al. 1991). Hayashi et al. 
(1992) analysed a high susceptibility to lung cancer 
in terms of combined genotypes of CYP1A1 and p 
isoenzymes of glutathione transferase. However, as 
carcinogen metabolism comprises a chain of chem- 
ical reactions involving numerous enzymes and 
enzyme-coding genes, research performed hitherto 
is able to offer only a very limited explanation of 
the association between genetic polymorphism and 
the individual’s susceptibility to cancer (Indulski 
and Lutz 2000). 
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Epoxides, or oxiranes, are oxygen-containing 
heterocyclic compounds. Due to the large ring 
strain associated with the three-membered ring, 
they are reactive molecules. Because of their reac- 
tivity they are important intermediates in chemical 
industry, especially in polymer production. Wide- 
ranging industrial applications of epoxides have 
resulted also in considerable human exposure. 
Compounds such as ethylene, propylene, butadiene, 
styrene, vinyl chloride and acrylamide are metabo- 
lised to 1,2-epoxides by cytochrome P 450 -dependent 
(CYP) monooxygenases. 

Epoxides are alkylating agents in vivo being able 
to react with different nucleophilic centres of cellu- 
lar macromolecules including proteins and DNA. 
DNA adducts in turn have shown considerable as- 
sociation with carcinogenic processes (Hemminki 
1993, Hemminki et al. 1994). The specific DNA ad- 
ducts induced by some mono-substituted epoxides 
were recently reviewed by Koskinen and Plna 
(2000). In the rat, 600 ppm vaporised styrene in- 
haled for 12 h per day, 4 days per week for 4 weeks 
caused a severe outer hair cell loss and an increase 
of cytoplasmic vesiculation and vacuolisation, and 
abnormal mitochondria with disrupted cristae and 
formation of membrane-bound spherical bodies in 
the outer hair cells in the organ of Corti (Makitie 
et al. 2002). 

Gonzalez-Reche et al. (2001) detected dimeth- 
yl- and ethyl-phenylmercapturic acids in the urine 
of workers handling xylenes and ethyl benzene. 
These minor metabolites were formed via aromatic 
epoxides. 

Benzo[a]pyrene-3,6-quinol and other quinols are 
involved in toxic quinone/quinol redox cycles (Lo- 
rentzen and Ts’o 1977, Lorentzen et al. 1979). 
Quinols are formed from the corresponding qui- 
nones by several reductases. They are rapidly auto- 
xidizes while superoxide anions are formed. 
Benzo[a]pyrene-3,6-quinone has been shown to be 
mutagenic in the Ames test, using tester strain TA 
104 (Chesis et al. 1984) or TA 102, strains which are 
particularly sensitive to reactive oxygen species. In 
male Sprague-Dawley rats, a rapid increase of un- 
metabolised benzo[n]pyrene was observed in sera 
3 h after benzo[a]pyrene treatment followed by a 
sharp decrease (Kim et al. 2000). The time- 
dependent pattern of serum lipid peroxidation and 
the level of erythrocyte antioxidant enzymes were 
shown to be related to the concentrations of the 
formation of benzo[a]pyrene-quinones, oxidatively 
altered lipids and antioxidant enzymes in the blood. 

After an intratracheal instillation of benzo[a]py- 
rene (1 mg dissolved in 50 ill tricaprylin), the Clara 
cell secretory protein dominant-negative mutant 
form of p53 transgenic mice was more susceptible 



to the development of lung adenocarcinoma than 
wild-type mice (Tchou-Wong et al. 2002). 

For benzo[a]pyrene diol-epoxide-DNA adducts 
in leucocytes of coke-oven workers exposed to 
polycyclic aromatic hydrocarbons, a sensitive, spe- 
cific high-performance liquid chromatography- 
fluorescence assay was developed and validitated to 
monitor the levels of (+)-a«fz'-benzo[a]pyrene diol- 
epoxide bound to DNA by the release of the respec- 
tive benzo[a]pyrene-tetrols from tissue or leuco- 
cyte DNA (Alexandrov et al. 1992). 

Urinary 1 -hydroxypyrene could be a suitable bio- 
marker of internal dose of polycyclic aromatic hy- 
drocarbons, as recently shown in carbon black work- 
ers, on the condition that both respiratory (including 
gaseous PAHs and particle-bound PAHs) and dermal 
exposures have been assessed (Tsai et al. 2002). Uri- 
nary 1 -hydroxypyrene concentrations were higher 
among road pavers than among office workers serv- 
ing as referents (Heikkila et al. 2002). 

There is now considerable evidence supporting 
the causal role of tobacco-specific and betel-nut 
specific nitroso compounds in lung, oral and upper 
respiratory tract cancers (Hecht and Hoffmann 
1991). In rats, N-nitrosodimethylamine produced 
by oxidative stress induced lipid peroxidation in 
vivo and in isolated hepatocytes (Ahotupa et al. 
1987), and, when produced by long-term inhala- 
tion, nasal squamous cell and mucoepidermoid car- 
cinomas (Hermann 1997). 

A chronic exposure to caffeidine-derived N- 
nitroso compounds produced exogenous and en- 
dogenously has been strongly implicated in several 
cancers among high risk populations (Bartsch 
and Montesano 1984). A high incidence of both 
oesophageal (Siddiqi and Preussmann 1989) and 
stomach cancer (Siddiqi and Preussmann 1989, 
Khuroo et al. 1992) occurred due to considerable 
exposure of the local population in Cashmere to en- 
dogenously produced mononitrosocaffeidine and 
dinitrosocaffeidine formed under the acidic milieu 
of the stomach in the presence of high dietary ni- 
trate from caffeidine contained in salted tea (Sid- 
diqi et al. 1992). Ivankovic et al. (1998) induced 
neuroepitheliomas of the olfactory epithelium and 
squamous cell carcinoma of the nasal cavity of bd- 
ix rats treated with mononitrosocaffeidine dis- 
solved in the drinking water. 

Nitrosodimethylamine is considered to be an oc- 
cupational carcinogen (NIOSH 1997). Peripheral 
blood lymphocytes of workers from a rubber plant 
had detectable concentrations of N 7 -methylguanine 
adducts, ranging from 0.1 to 133.2 adducts/10 7 de- 
oxyguanosine nucleosides (Reh et al. 2000). Al- 
though no association was found between occupa- 
tional personal breathing zone exposure and either 
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N 7 - m e t hy 1 g u a n i n e adduct concentration or 0 6 - 
alkylguanine-DNA alkyltransferase activity, the sig- 
nificant positive association between working in 
and near the rubber vehicle seal department and 
the presence of 0 6 -methylguanine adducts, which 
have mutagenic potentials, provided evidence to 
link nitrosamine exposure one step closer to human 
cancer by demonstrating an association between 
external nitrosamine exposure and cancer-related 
biological effects. 

N-Morpholino-N-nitrosoaminoacetonitril as a 
nitric oxide (’NO) donor (Bohn and Schonafin- 
ger 1989, Feelisch et al. 1989) formed from N- 
ethoxycarbonyl-3-morphlinosydnonimine (molsi- 
domin) via 3-morphlinosydnonimine by 0 2 '“ for- 
mation is a safe vasodilator in man, but a potential 
nasal carcinogen in the rat, probably due to the vast 
smooth endoplasmic reticulum with its cytochrome 
P 450 (Hadley and Dahl 1982, Adams etal. 1991). 
The question whether the new series of mesoionic 
3-aryl substituted oxatriazole-5-imine derivatives 
(Lahteenmaki etal. 1998) have the same side ef- 
fects is outstanding. 

Nitric oxide (’NO) formation is increased in bio- 
logical tissues during ischaemia, and there is an 
enzyme-independent pathway of ’NO generation 
due to the reduction of tissue nitrite under the 
acidic conditions which occur. The generation and 
accumulation of ’NO from typical nitrite concentra- 
tions found in biological tissues increased 100-fold 
when pH decreased from normal values of 7.4 to 
the acidic values found in ischaemic rat tissues, 
such as the heart, where pH falls to 5.5 (Samouilov 
et al. 1998). 

Air pollution is associated with increased level of 
exhaled nitric oxide in non-smoking healthy sub- 
jects (Van Amsterdam et al. 1999). 

Prolonged exposure to arsenic (0.41+011 pg/ml 
drinking water from tube wells) in an endemic area 
in Inner Mongolia resulted in an impaired produc- 
tion of endothelial nitric oxide (Pi et al. 2000). In 
vitro, human endothelial nitric oxide synthase 
(NOS) activity was significantly suppressed by arse- 
nite (18% inhibition, P <0.05) and arsenate (27% 
inhibition, P < 0.01) at 100 pM. Neither arsenite nor 
arsenate showed inhibitory action on neuronal NOS 
activity. 

During allograft acute rejection, the production 
of ’NO as measured nitrite/nitrate levels, has been 
demonstrated in several experimental models and 
inhibition of inducible nitric oxide synthase (iNOS) 
activity in a rat lung transplant model dramatically 
improved the survival rate of allografts (Shiraishi 
et al. 1995, Worrall et al. 1997). Studies carried 
out on transplant samples from patients with end- 
stage obliterative bronchiolitis have shown that in 



addition to being present in inflammatory cells, 
iNOS immunoreactivity can also be seen in dam- 
aged bronchiolar epithelium; the intensity of im- 
munostaining was associated with the extent of epi- 
thelial damage (Mason et al. 1998). 

Peroxynitrite is a highly reactive oxidant pro- 
duced by the combination of 'NO and 0 2 ’-. There 
are indications that it may contribute to cell death 
and tissue injury in a number of human diseases, 
including arthritis (Kaur and Halliwell 1994), 
sepsis (Szabo et al. 1995), inflammatory bowel dis- 
ease (Rachmilewitz et al. 1993) and stroke (Oury 
et al. 1993). Peroxynitrite decomposition catalysts 
(Salvemini et al. 1998) may represent a unique 
class of antiinflammatory agents. 

Nitrogen dioxide (N0 2 ) at levels found in healthy 
subjects indoors caused mild airway inflammation, 
effects on blood cells, and increased susceptibility 
of airway epithelial cells to injury from respiratory 
viruses (Frampton et al. 2002). 

As more than 40 different cell types were de- 
scribed in the respiratory organs (Sorokin 1970), 
Emura et al. (1990) developed Syrian hamster (foe- 
tus on day 15 of gestation) and human (foetus of 
18-22 weeks of gestation) cell systems consisting 
of a certain type of stem cell capable of differentiat- 
ing into at least two bronchoalveolar cell types: the 
Clara cell and the alveolar type II epithelial cell. 
Aufderheide etal. (1994) used this M3E3/C3 
hamster cell line for a new in vitro approach to 
study cytotoxicity and carcinogenic effects of min- 
eral fibres (crocidolite and silicon carbide). 

Macrophages gained either by bronchoalveolar 
lavage (Senior etal. 1981) or directly from bone 
marrow (Stewart 1981) were used for studies of 
the oxygen burst induced by pure (Zeller et al. 
1992, 1993, Brehm et al. 1996) and industrial mixed 
dusts (Munder and Modolell 1987, Munder 
etal. 1989). In vivo, Schapira etal. (1995), trap- 
ping HO’ by sodium salicylate, found significantly 
more 2,3-dihydroxybenzoic acid in rat lungs ex- 
posed to 50 mg silica compared with lungs instilled 
with 50 mg titanium dioxide 7 days before. 

The oxygen burst of monocytes induced by am- 
bient air particles (with the exception of oil fly ash 
particles) was less than the response elicited by 
polymorphonuclear leucocytes (Prahalad et al. 
1999). The luminol-enhanced chemiluminescence 
response of polymorphonuclear leucocytes sepa- 
rated from heparinised human blood was generally 
increased with all washed particles, with oil fly ash 
and one urban air particle showing statistically 
significant (P <0.05) differences between dH 2 0- 
washed and unwashed particles. The luminol- 
enhanced chemiluminescence activity in polymor- 
phonuclear leucocytes induced in post particles 
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and dH 2 0-washed particles was significantly corre- 
lated with the insoluble Si, Fe, Mn, Ti and Co con- 
tent of particles ( P < 0.05). No relationship between 
luminol-enhanced chemiluminescence activity in 
polymorphonuclear leucocytes and soluble transi- 
tion metals such as V, Cr, Ni, and Cu was noted. 

Fibroblasts play a major role in the control of tis- 
sue remodelling, through their production of 
growth factors and other regulatory molecules, in- 
cluding 'NO (Lavnikova and Laskin 1995). Gan- 
sauge et al. (1997) have shown that some inflam- 
matory mediators can induce iNOS expression in 
rat lung fibroblasts, which leads to their prolifera- 
tion. Up-regulation of iNOS in fibroblasts paralleled 
the onset and progression of fibrosis in an experi- 
mental model of post-transplant obliterative airway 
disease (Romanska et al. 2000). 

Free radical reactions have been observed to in- 
fluence molecular and biochemical processes and 
to directly cause some of the changes observed in 
cells during differentiation, ageing, and transfor- 
mation (Abate et al. 1990, Sohal and Allen 1990, 
Allen and Tresinii 2000). 

8-Hydroxydeoxyguanosine, the most commonly 
studied biomarker for oxidative DNA damage, of- 
fers a specific and quantitative biomarker for dam- 
age caused by reactive oxygen species in human 
sperm (Shen and Ong 2000). 

As to mineral fibres, Rossiter (1994) - in a pa- 
per on the research still needed - put forward the 
question of free radicals and the preventive influ- 
ence of lung surfactant and endogenous antioxi- 
dants in the action of fibres on biomembranes to be 
evaluated by an in vitro test, giving quick and accu- 
rate prediction of the carcinogenic potential of fi- 
bres. Although asbestos (above all Rhodesian 
chrysotile) induced 8-hydroxy-2’-deoxyguanosine 
in calf thymus DNA in vitro (Adachi et al. 1992), 
there was no significant difference in peripheral 
blood cells of 7 male outpatients (aged 66-75 years) 
with asbestosis and 6 healthy non-smokers (aged 
62-81 years) without exposure (Hanaoka et al. 
1993). 

Constitutional aspects of clinical pneumoconio- 
sis research were revealed by Parrisius and im 
Brahm (1953, 1954). Silicosis was concordant in 25 
of 28 monozygous pairs of twins, but only in 14 of 
26 heterozygous pairs. The localisation of the sili- 
cotic masses in the homozygous twins was striking. 
In pairs of monocygotic twins tracheobronchial 
clearance patterns of an aerosol of 6-7 pm mono- 
disperse fluorinated ethylene propylene (Teflon 
120) particles tagged with technetium 99m (half life 
6.0 h) were highly similar (Camner et al. 1972). 
Within-pair variance of bronchial mucociliary 
clearance (using "Tc-labelled albumin aerosols) in 



concordant smoking monozygotic twins was signif- 
icantly smaller than among-pair variance (Kami- 
shima et al. 1982). 

Workers belonging to different generations ex- 
posed to silica dust in a plant producing refracto- 
ries for about 70 years showed family susceptibility 
in the development of silicosis (Noweir et al. 
1978). Members of some families were highly sus- 
ceptible to silica dust while other families were re- 
sistant; and susceptibility varied to a great extent 
among the different families. 

Yucesoy et al. (2001) in a case-control study 
evaluated the interaction between silica exposure 
and minor variants in the genes coding for 
interleukin- la, interleukin- 1 receptor antagonist 
and tumour necrosis factor-a as risk factors associ- 
ated with silicosis in 325 ex-miners with moderate 
and severe silicosis and 164 miners with no lung 
disease. The odds ratio of disease for carriers of the 
minor variant, TNF-a (-238), was markedly higher 
for severe (4.0) and significantly lower for moderate 
silicosis (0.52). Regardless of disease severity, the 
odds ratios for carriers of the IL-1RA (+2018) or 
TNF-a (-308) variants were elevated. In contrast, 
McCanlies et al. (2002) used data generated from 
these studies to illustrate the utility of genetic infor- 
mation for the purposes of risk assessment and 
clinical prediction. Their results indicated that ge- 
netic information plays a valuable role in effectively 
characterising risk groups and mechanisms of dis- 
ease operating in a substantial proportion of the 
population. However, in the case of fibrotic lung 
disease caused by silica exposure, information 
about the presence or absence of the minor variants 
of interleukin- la, interleukin- 1 receptor antagonist 
and tumour necrosis factor a is unlikely to be a use- 
ful tool for individual classification. 

In the mouse, BALB/c and DBA/2 strains have 
been identified as high and low responders, respec- 
tively, to DQ12 quartz dust (2.5 mg) injected into a 
hind footpad (Stark et al. 1988). 

Significant interstrain variation in polymorpho- 
nuclear leucocyte and protein response was ob- 
served between inbred groups of mice with lx and 
5x exposures to 1.0 mg ZnO per m 3 , which indi- 
cated that genetic background has an important 
role in the development of pulmonary tolerance 
(Wesselkamper et al. 2001). The BALB/cByJ strain 
and the DBA/2J strain were the most tolerant and 
intolerant, respectively. 

Analyses of macrophage dysfunction phenotypes 
of segregant and non-segregant populations de- 
rived from susceptible C57BL/6J and resistant C3H/ 
He inbred mice indicated that two unlinked genes 
susceptibility to the inhalation of sulphate-asso- 
ciated carbon particles (Ohtsuka et al. 2000). A 
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genome-wide linkage analysis of an intercross (F 2 ) 
cohort identifies significant and suggestive quanti- 
tative trait loci (QTLs) on chromosomes 17 and 11, 
respectively. Candidate susceptibility genes were 
identified for mice and humans by comparative 
mapping. Importantly, both QTLs overlap previ- 
ously identified QTLs for susceptibility to another 
common pollutant, ozone. Ozone inhalation in- 
creases inducible nitric oxide synthase in both mac- 
rophages and type II epithelial cells of the lung, as- 
sociated with the activation of nuclear transcription 
factor-xB (Laskin et al. 1998). 

The inheritance of information based on gene 
expression levels is known as epigenetics, as op- 
posed to genetics, which refers to information 
transmitted on the basis of gene sequence. The 
main epigenetic consequence in humans is the 
methylation of cytosine located within the dinucle- 
otide CpG. Epigenetic changes, particularly DNA 
methylation, are susceptible to change and are ex- 
cellent candidates to explain how certain environ- 
mental factors may increase the risk of cancer (Es- 
teller and Herman 2002). 

Environmental and heritable factors in the cau- 
sation of cancers were discussed by Lichtenstein 
et al. (2000), who analysed data on 44,788 pairs of 
twins from Sweden, Denmark, and Finland. If stud- 
ies of groups of twins show that concordance for 
cancer is higher among monozygotic twins (who 
share all genes) than among heterozygotes (who, on 
average, share 50 per cent of their segregating 
genes), genetic effects are likely to be important. If, 
however, the concordance is similar for both types, 
the shared environmental effects are probably un- 
important. They conclude that inherited genetic 
factors make a minor contribution to susceptibility 
to most types of neoplasms. Shared environment, 
the sum of the common family experiences and 
habits of the twins, accounted for 0 to 20 per cent of 
causation, but none of these values were statistically 
significant, partly because studies of twins have 
limited power to detect shared environmental ef- 
fects in dichotomous phenotypes, e.g. the presence 
or absence of cancer (Neale et al. 1994). 

Aberrant DNA methylation can be used as a bio- 
marker of malignant transformation. The develop- 
ment of the methylation-specific PCR technique 
(Herman etal. 1996) has popularised this ap- 
proach because it offers a quick, easy, non- 
radioactive, and sensitive way to detect hypermeth- 
ylation in CpG islands of tumour suppressor genes. 
This strategy is further enhanced by three facts: the 
PCR signal is a positive signal that cannot be 
masked through contamination by normal cells; 
promoter hypermethylation occurs early in tumour 
progression, allowing early diagnosis; and all tu- 



mours appear to have one or more hypermethylated 
loci when panels of these markers are examined to- 
gether. Aberrant CpG islands methylation has been 
used as a tool to detect cancer cells in bronchoalve- 
olar lavages (Ahrendt et al. 1999), lymph nodes 
(Sanchez-Cespedes et al. 1999, Esteller and 
Herman 2002), and sputum (Palmisano et al. 
2000). Esteller etal. (1999) showed that it was 
possible to screen for hypermethylated promoter 
loci in serum DNA from non-small cell lung cancer 
patients. 

Caplan’s syndrome occurs in persons who have a 
genotype disposing to rheumatoid arthritis (Ca- 
plan 1953, 1965, Clerens 1953, Colinet 1953, Mi- 
all et al. 1953, Miall 1954, Van der Meer 1954, 
Gough et al. 1955, Campbell 1958, Caplan et al. 
1958, 1962, Kantor and Morrow 1958, Makioka 
1958, Huzl 1960, Posner 1960, Chatgidakis and 
Theron 1961, Chiesura et al. 1961, Rosmanith 
and Bruckner 1962, Lamvik 1963, Barni 1965, 
Gough 1965, Snoek et al. 1965, Rosmanith and 
Sitaj 1967, Niedobitek 1969, Fritze 1970, Russo 
et al. 1977, Wagner and Darke 1979). Rheumatoid 
lung changes may be also observed in asbestosis 
(Rickards and Barrett 1958, Tellesson 1961, 
Morgan 1964, Greaves 1979). The radiological se- 
verity of the lung changes does not necessarily par- 
allel the degree of arthritis. Pulmonary lesions usu- 
ally develop contemporaneously with the arthritis 
but either manifestation may precede the other by 
several years (Miall et al. 1953). 

Homozygous or heterozygous di-antitrypsin de- 
ficiency offers a proteolytic mechanism and possi- 
ble genetic basis for some cases of panlobular em- 
physema in miners (Falk and Briscoe 1970). The 
homozygous deficiency, which is known to be asso- 
ciated with emphysema, has been identified in 
1 - 10 % of various groups of patients (Briscoe et al. 
1966, Kueppers et al. 1969, Lieberman 1969). 

Certain particulate air pollutants may play an 
important role in the increasing prevalence of re- 
spiratory allergy by stimulating T helper 2 cell 
(The)-mediated immune responses to common an- 
tigens. Van Zijverden et al. (2000) studied the pri- 
mary response after subcutaneous injection of 1 mg 
of particle together with 10 pg of receptor antigen 
TNP-OVA (2,4,6-trinitrophenyl coupled to ovalbu- 
min) into the hind paw of specific pathogen-free 
BALB/c mice. The number of interleukin-4 contain- 
ing CD4 + T cells increased between day 2 and day 5 
in diesel exhaust particle- and carbon black 
particle-exposed mice, in contrast to silica particle- 
treated animals. All particles acted as adjuvant, but 
the different particles stimulated different types of 
immune responses to TNP-OVA. Diesel exhaust 
particles can be phagocytosed by human bronchial 
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epithelial cells, including the release of cytokines 
(Marano et al. 2002). MAP kinase pathways (i.e. 
ERK1/2 and P38) were triggered as well as the activa- 
tion of the nuclear factor-xB. Reactive oxygen species 
were strongly incriminated in this response because 
diesel exhaust particles induce the increase 
of intracellular hydroperoxides and antioxidants in- 
hibit the release of diesel exhaust particle-induced 
cytokines, the activation of MAP kinases and nuclear 
factor-xB. Organic compounds adsorbed on diesel 
exhaust particles seemed to be involved in the re- 
sponse and the production of reactive oxygen species. 

For many volatile substances inhalation is the 
most important route of absorption. The relevance 
of physical activity for the kinetics of inhaled gas- 
eous substances has been recently reviewed by Csa- 
nady and Filser (2001). 

Occupational exposure to hydrocarbon solvents 
(aliphatic, aromatic, chlorinated, benzene, other or- 
ganic solvents) has been found to be associated 
with an increased risk of exocrine pancreas cancer, 
the human tumour with the highest prevalence of 
K-ras mutations (Alguacil et al. 2002). A signifi- 
cantly higher proportion of cases with a mutation 
from glycine to valine (GGT^-GTT) or to aspartic 
acid (GGT— >GAT) were exposed to a hydrocarbon 
solvent. 

Benzene is effectively absorbed via the lungs and 
about 50 per cent of the inhaled dose is retained 
(Yves Bois et al. 1996). The leucaemogenic effect of 
benzene may be related to its metabolism and to in- 
duction of oxidative DNA damage, as shown by the 
formation of 8-dihydroxy-2’-deoxyguanosine both 
in HL-60 cells in vitro and in bone marrow in vivo 
(Kolachana et al. 1993). Chromosomal aberration 
analysis in workers exposed to concentrations of 
benzene up to 15 ppm and of toluene up to 50 ppm 
with a mean occupation exposure of 17 years re- 
vealed a significant increase in dicentric incidence 
in the exposed group compared to the controls (P = 
0.004) (Bogadi-Sare et al. 1997). The increased 
production of reactive oxygen species/reactive ni- 
trogen species including peroxynitrite during in- 
flammation combined with benzene exposure may 
increase the genotoxicity of benzene by a mecha- 
nism that includes formation of metabolites from 
the chemical reaction between benzene and reac- 
tive oxygen species/reactive nitrogen species (Tuo 
et al. 1998). Reactive oxygen species/reactive nitro- 
gen species mediated hydroxylation and nitration 
of benzene during immune activation represent a 
novel mechanism for generation of proximal car- 
cinogens of benzene. Benzene is probably eliciting 
more current interest as a possible environmental 
cause of non-Hodgkin’s lymphoma than any other 
substance (O’Connor et al. 1999). 



The in vitro effect of benzene on the ultrastruc- 
ture of human peripheral blood polymorphonu- 
clear cells, lymphocytes and monocytes was exam- 
ined with a transmission and scanning electron mi- 
croscope and was found to affect both the internal 
and external architectures of polymorphonuclear 
leucocytes and monocytes in a dose-dependent 
manner (Kalir et al. 1989). No effect was observed 
on lymphocytes. Pre-incubation with 2- 
aminoethylthiosulfuric acid, a free radical scaven- 
ger, prevented the observed effects of benzene. 

Benzene generated DNA strand breaks in the liv- 
ers of both wild type and inducible nitric oxide syn- 
thase (iNOS) -deficient mice (Vestergaard et al. 
2002). In the bone marrow benzene and lipopoly- 
saccharide generated strand breaks only in wild 
type mice. The effects were additive, suggesting that 
both a redox cycling and an iNOS-dependent path- 
way maybe involved. Gaskell et al. (2002) identified 
(3”-hydroxy) - 1 ,N 2 - benzetheno - 2’ - deoxyguanosine 
3’-monophosphate and a new product, (3”,4”-dihy- 
droxy)-l,N 2 -benzetheno-2’-deoxyguanosine 3’-mo- 
nophosphate. 

Synaptosomes from rats prenatally exposed to 
toluene exhibited an increased level of oxidative 
stress when incubated with toluene in vitro com- 
pared to synaptosomes from unexposed offspring 
(Edelfors et al. 2002). 

It has been suggested, based on epidemiology data, 
that paternal exposure to metal dusts and fumes, 
including welding fumes, may increase the inci- 
dence of cancer in the progeny (Bunin et al. 1992, 
Buckley 1994). Nickel is one of the primary sus- 
pects, and sperm DNA may be considered as its 
most likely target. Human protamine P2 has an 
amino acid motif at its N-terminus that can serve as 
a heavy metal trap, especially for Ni(II) and Cu(II). 
Bal et al. (1997) synthesised a pentadecapeptide 
modelling this motif and described its complexes 
with Ni(II) and Cu(II), including their capacity to 
mediate oxidative DNA degradation. Using circular 
plasmid pUC19 DNA as a target, and the single/ 
double strand breaks and production of oxidised 
DNA bases, as end points, Liang et al. (1999) found 
Ni(II) alone to promote oxidative DNA strand scis- 
sion and base damage, while Cu(II) alone produced 
the same effects, but to a much greater extent. 

Cadmium and nickel can produce delayed effects 
in human cells in vitro, which are characteristic if 
gnomic instability (Cone et al. 2001). The effects 
even occur at levels where no acute toxic effects can 
be demonstrated. The consequences of this gnomic 
instability are not yet known but it is possible that 
many of the systemic symptoms associated with ex- 
posure to low concentrations of these metals could 
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involve delayed expression of cellular damage. It is 
also clear that these effects cannot be predicted 
from acute toxicity data. 

Lung tissue concentration of chromium was two- 
fold increased in cancer patients compared to con- 
trols, while bronchial nickel content was three- 
times that of controls (Morkve et al. 1989). Only 
three cancer patients had a possible occupational 
exposure to chromium. 

Iron overload has been associated with damage 
of the liver and other organs. In Wistar rats injected 
peritoneally with Fe-dextran (825 and 1650 mg/kg, 
respectively) the kidney iron was increased (Dimit- 
riou et al. 2000). Iron appeared to accumulate 
mainly in the lysosomes, inducing distinct changes 
in the behaviour of the organelles as judged by sub- 
cellular fractionation studies. Lysosomes became 
more fragile and showed increased density. 

Iron and oxygen are at a metabolic crossroad 
where mismanagement leads to inflammation, tox- 
icity, and tissue damage. Many genes encode pro- 
teins to provide efficient and safe use of iron and 
oxygen for crucial reactions in cell division, respira- 
tion, regulation and detoxification. A subset of such 
genes contains non-coding sequences that are tran- 
scribed to the mature mRNA to regulate protein 
synthesis in response to environmental changes of 
iron, free radicals, and metabolic signals. With the 
iso-iron response element/iso-iron regulatory pro- 
tein system has evolved co-ordinated combinatorial 
control of iron and oxygen metabolism that may 
exemplify control of mRNAs in other metabolic 
pathways, viral reproduction and oncogenesis 
(Theil 2000). 

Environmental molecular epidemiology inte- 
grates new knowledge in molecular toxicology, 



DNA mutagenesis, and polymorphism of procarci- 
nogen-metabolising enzyme systems. Biomarkers 
may represent signals in a continuum of events 
between causal exposure and resultant disease 
(Schulte 1989). Borm (1994), taking the frame- 
work of mineral dust-induced lung disorders as an 
example, demonstrated how carefully designed 
follow-up studies are a prerequisite to test the valid- 
ity and use of events often put forward as biomark- 
ers. Individual susceptibility to multistep lung car- 
cinogenesis may be measurable at any or all steps 
along the pathway, from procarcinogen exposure to 
the development of frank, clinically detectable car- 
cinoma. In a recent review Spivack et al. (1997) 
focused on procarcinogen bioactivation and DNA 
damage. 

Phenytoin and related xenobiotics can be bioac- 
tivated by embryonic prostaglandin H synthase to a 
teratogenic free radical intermediate. Parman et al. 
(1998) evaluated the mechanism of free radical for- 
mation using photolytic oxidation with sodium 
persulphate and by electron paramagnetic reso- 
nance spectrometry. Incubation of 2’-deoxyguano- 
sine with phenytoin and prostaglandin H synthase- 
1 resulted in a 5-fold increase in the oxidation to 8- 
hydroxy-2’-deoxyguanosine. 

Based on the updated use of prophylactic and 
therapeutic strategies in pneumoconiosis Gulu- 
mian (1999) thinks it unlikely that a single strategic 
approach will suffice for adequate treatment of the 
whole spectrum of mineral particle-induced pul- 
monary inflammation, fibrosis and carcinogenesis. 
Yu et al. (1995) presented a combined treatment of 
experimental silicosis with tetrandrine plus polyvi- 
nylpyridine N-oxide or tetrandrine plus QOHP in 
rats. 



CHAPTER 2 



Protagonists of Industrial Medicine 



The writings of Hippocrates (about 460 BC - 3 77 
BC) contain numerous allusions to relationships be- 
tween occupation and disease and the same holds 
for Galen (120-199). Hippocrates in his “Epi- 
demics” [in a rather obscure passage of which Ra- 
mazzini (1700, p.23; 1703, p.23), in his knowledge 
of occupational diseases, though differing with Ga- 
len and Farr (1780), gives an interpretation 
closely adherent to that of Littre (1846)] speaks of 
a metal digger (6 ex petakkcov) who, we may pre- 
sume, was exposed to dust in his work like the met- 
alliferous miner of later days, as a man who “has his 
right hypochondrium bent, a large spleen, and a 
costive belly; he breathes with difficulty (jtven- 
matcbbrig), is of pale wan complexion, and is liable 
to swelling in his left knee”. 

Bernardino Ramazzini’s “De morbis artifi- 
cum diatriba” (1700) was the first comprehensive 
monograph on industrial medicine. Luigi Devoto 




Fig. 1. Viktor Reichmann (1881-1956) in 1920 came from 
Jena University to Bochum to become an expert in the clinics 
and roetgenology of coal workers’ pneumoconiosis 



(1864-1936) edited the first journal of industrial 
medicine, “11 Lavoro” (Pavia 1901), since 1925 enti- 
tled “La Medicina del Lavoro”. In Germany, E. W. 
Baader (1892-1962) became a well-recognised 
protagonist of clinical industrial medicine, while in 
Bavaria Franz Koelsch (1876-1970) as the chief 
medical inspector of factories was an expert in por- 
celain pneumoconiosis. As to coalworkers’ pneu- 
moconiosis in the Ruhr district, the clinical work of 
Bohme (1878-1962) and Reichmann (1881-1956) 
was correlated to post-mortem morphology by di 
Biasi (1896-1981). Siderosilicosis in the Sieg dis- 
trict was studied by Ceelen (1883-1964) and 
Gerstel (1902-1978). The latter (Gerstel 1934, 
1935, 1938, 1941) complemented post-mortem mor- 
phology with extended chemical dust analyses. Ju- 
lius Watjen (1883-1968), full professor of pathol- 
ogy at Halle University and member of the German 
Academy of Scientists «Leopoldina», showed deep- 




Fig. 2. Walter Parrisius (1891-1977) during a research trip 
to the United Kingdom in June 1950. Taken at Penarth, Gla- 
morgan 
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black fibrotic foci as a characteristic feature of the 
copper schist pneumoconiosis from the Mansfield 
area (Watjen 1933, 1936, 1952). 

The idea of a predisposition was put forward by 
Brockmann (1851, p. 137), Lindemann (1913), 
Lochtkemper (1935, 1936) and Geisler (1937) 
and made more precise by the results in homozy- 
gous twins by Parrisius and im Brahm (1953, 
1954). The expression of antioxidative enzymes is 
controlled by genes, and thus the damage induced 
by oxidative stress will be determined individually. 

In France, Balgairies (1951, 1953), director of 
the Centre d’Etudes Medicales Minieres, Houilleres 
du Bassin du Nord et du Pas-de-Calais at Douai, 
distinguished himself in the radiological diagnosis 
of pneumoconiosis. The Cardiff-Douai Classifica- 
tion was a result of his international efforts. 

In Great Britain, field studies by Hart and As- 
lett (1942) and Fletcher (1948) and his col- 
leagues from The Pneumoconiosis Research Unit at 
Cardiff into pneumoconiosis of coal workers have 
gained international recognition. 

In experimental pneumoconiosis research, Ju- 
lius Arnold (1885), professor of pathology in Hei- 
delberg from 1866-1907, and Karl Wilhelm 
Jotten, professor of hygiene in Munster (Westpha- 




Fig. 3. Julius Arnold (1835-1915) in search of a connection 
between morphology and physiology performed large-scale 
dust inhalation experiments in rabbits and dogs and com- 
pared dust metastasis with post-mortem findings in man. 
(Courtesy of Prof. Dr. Herwart F.Otto, present holder of 
the professorship) 



lia) from 1924-1958, were German pioneers. Karl 
Thomas (1883-1969) held meetings and colloquia 
on basic research in silicosis and gained an interna- 
tional reputation through this and the work of his 
team (Weitzel 1970). 

In England, the biochemist Earl Judson King, 
who was first confronted with silicosis research 
when Banting in Toronto had been asked by a 
group of gold miners to carry out silicosis research, 
moved to London in 1934 and worked on experi- 
mental silicosis and pneumoconiosis for the rest of 
his life (on October 31, 1962). 

In France, Albert Policard (1881-1972) was 
nominated professor of histology at Lyons and be- 
came organiser of a laboratory of biology applied to 
pulmonary silicosis at the Charbonnages de France 
from 1950-1968. 

In Italy, experimental work was done by Biondi 
(1906), Feliziani (1906), Tommasi Crudeli 
(1907), and others. Devoto and Cesa-Bianchi 
(1911), at the 3 rd national congress on industrial 
diseases in Turin, reported that guinea pigs sub- 
jected to the inhalation of very fine limestone dust 
were less susceptible to tuberculosis than those, 
which had inhaled silica dust. Tedeschi and Abbo 
(1909) induced serious inflammatory changes by 
grain silo dust. 




Fig. 4. Karl Wilhelm Jotten (1886-1958) visiting the Sili- 
cosis Research Institute “Rheinpreussen” on June 12, 1953. He 
began pneumoconiosis research under privy councillor Wal- 
ther Kruse at the Department of Hygiene, University of 
Leipzig, and was appointed to the chair of hygiene at the 
University of Munster in Westphalia in 1924. In 1953 he was 
awarded the Devoto Prize 
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Fig. 5. Earl Judson King, PhD. of Toronto and honorary 
M.D. of the Universities of Oslo and Iceland. As Harrison 
(1964) stated in his obituary, silicosis was the favourite sub- 
ject of both King and Kettle, who persuaded King to leave 
Bart’s [St. Bartholomew’s Hospital, London] and found the 
Department of Pathology at the new British Postgraduate 
Medical School that was to be opened in the spring of 1935. 
Unfortunately, the chance of a fruitful collaboration was an 
idle hope, for Kettle was to survive for only 20 months, and 
others were to collaborate with King on his silicosis work. - 
The photograph, sent to me by King himself, corresponds to 
those in Harrison’s obituary in the Journal of Pathology and 
Bacteriology (88: 601) and Isaac’s (1993) monograph on the 
first forty years of the British Occupational Hygiene Society 
(King was president in 1954/55), but the background has 
been omitted 



In the United States, Leroy Upson Gardner 
(1888-1946) “devoted his life and talents to the cure 
of the illness of others and the correction and con- 
trol of industrial hazards to enable his fellowmen to 
have better and safer conditions under which to 
perform their daily tasks”. In South Africa, 
W. Watkins-Pitchford, first director of the South 
African Institute for Medical Research from 
1912-1926, was ably supported in pneumoconiosis 
research by Mavrogordato (deceased 1944), Sim- 
son (1883-1948) and Strachan (1891-1949). 

2.1 

The Neolithic Period 

Collis (1915) supposed that Neolithic miners dig- 
ging for flint might have suffered from pneumoco- 
niosis, and, indeed, the man found in the ice at the 
Hauslabjoch did show anthracosis, and his hair was 
loaded with arsenic, copper, nickel and manganese 
(Spindler 2001). 




Fig. 6. Albert Policard visiting the Silicosis Research Insti- 
tute “Rheinpreussen”. Born in Paris, he studied medicine at 
the Ecole de Service de Sante militaire in Lyons. In 1913 he 
became reader in histology. After World War I he was nomi- 
nated professor of histology at Lyons and after his superan- 
nuation became organiser of a laboratory of biology applied 
to pulmonary silicosis at the Charbonnages de France from 
1950-1968. In 1963 he was elected a non-resident member of 
the Academie des Science in Paris 



2.2 

Slaves as Miners in Antiquity 

In Egypt, the work in the mines was in the hands of 
slaves, many of whom were not Egyptians. Semitic 
inscriptions, dating back to about 1500 b.c. and 
found by Petrie at Serabit-el Khadem, show that 
Syrian workers were among the Sinaitic miners. 

The mummy of Har-mose, the Singer of the eigh- 
teenth dynasty, who died about 1490 b.c. (cf. Lans- 
ing and Hayes 1937) showed pulmonary anthraco- 
sis, emphysema, and an old pleural adhesion (Shaw 
1938). The pulmonary lymph nodes were loaded 
with carbon pigment but no silica was detected 
with crossed Nicol prisms. 

The earliest allusion to a mining hazard is to be 
found in the Bible. Hiram (about 950 b.c.), the king 
of Tyre, is supposed to have been cognizant of the 
poisonous effects of cobalt. When Solomon, his ally, 
presented him with a gift of 20 villages in the dis- 
trict of Cabul in Galilee, he refused them, because 
they contained veins of cobalt (Legge 1936, p. 302). 
Rosen (1943, p.33) remarked that the biblical 
verses upon which the above statements are based 
(Kings 1 : 9,1 1 - 13) do not furnish any basis for such 
claims. 
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The earliest Hellenic medical reference that may 
be interpreted as relating to a miner is to be found 
in the fourth book of epidemics in the Corpus Hip- 
pocraticum: 

6 ex pExakkcov, ujxoyovbqiov Se^lov EXTExa- 
pivov, ojtA,f)v psyag, xa( xoikfr] EVTExapEvr]. 
ujtoakxqqa, Jtveupaxcbbrig, aypoog xouxcp eg 
yovu apLOTEpov, hjtooTpotJifi, 5t’ okou 
Expihr). 

A man from the mines had the right hypochon- 
drium distended. His spleen was enlarged, and 
his abdomen was distended and hard. His respi- 
ration was laboured, and he was both pale and 
livid. The disease then attacked the left knee. 
There was a relapse in the entire body and finally 
a crisis. 

Just as doubtful is a reference from Hippocrates’ 
Coacae praenotiones, quoted in Thomson’s (1838, 
p.343) paper on black expectoration: “indepen- 
dently of the habitual inspiration of an atmosphere, 
which can be supposed to be peculiarly loaded with 
carbonaceous matters” (l.c. p.343). 

’OksflpLoi 5e xai oi xa p£kava kiyvucbSEa 
jmjovxsg, p ololv doto oL'vou pfkavog yfvExai 
jxxnapaxa. 

Perniciem etiam denuntiant sputa nigra, fuligi- 
nosa, aut quibus qualia ex vino nigro fiunt. 

References to Hippocrates and pulmonary dis- 
ease: Cucchiani Acevedi (1945), Samitier Az- 
PARREN (1946) 

Plautus’ (before 251 b.c. to 184 or 183 b.c.) char- 
acter Tyndarus, consigned there as a punishment, 
found nowhere so much like Hell as the stone- 
quarry: “nullus adaequest Acheruns atque ubi ego 
fui in lapicldinis” (Captivi, versus 999). 

Strabo (2xpd(3cov, ca. 63 b.c. to 20 a.d.) re- 
ferred to a mine employing slaves sold cheaply be- 
cause of their crimes “where the air is said to be de- 
structive of life and scarcely endurable in conse- 
quence of the grievous odour issuing from masses 
of ore” (Geography XII: 3,40), but he was referring 
to ore containing realgar (arsenic disulphide, As 2 S 2 ) 
encountered in a silver mine. 

Ramazzini (1700) left it undecided if P.Ovidius 
Naso (43 b.c. to ca. 17 a.d.) had the avarice of men 
in mind or the dangers detrimental to their health 
when writing in his Metamorphoses (I, 138-140): 

“. . . sed itum est in vescera terrae, 

Quasque recondiderat Stygiis admoverat umbris, 
Effodiuntur opes, inritamenta malorum.” 



Silius Italicus (ca. 26-101) referred to the avari- 
cious Asturian, who is pale as the gold he tears out 
of the earth: 

... Astur avarus 

visceribus lacerae telluris mergitur imis, 
et redit infelix effosso concolor auro. 

I, 231-233 

T. Lucretius Carus (De rerum natura liber sextus, 
verses 806-817) wrote: 

nonne uides etiam terra quoque sulpur in ipsa 
gignier et taetro concrescere odore bitumen, 
denique ubi argenti uenas aurique secuntur, 
terrai penitus scrutantes abdita ferro, 
qualis expiret Scaptensula subter odores? 
quidue mali fit ut exalent aurata metalla, 
quas hominum reddunt facies qualisque colores, 
nonne uides audisue, perire in tempore paruo 
quam soleant, et quam uitai copia desit, 
quos opere in tali cohibet uis magna necessus? 
hos igitur tellus omnis exaestuat aestus, 
expiratque foras in apertum promptaque caeli. 

C.Plinius Secundus Maior (23-79) recorded in 
his Historia naturlis (XXXIII, 60: 122): 

Qui minium in officinis poliunt faciem laxis vesi- 
cis inligant, ne in respirando pernicialem pulve- 
rem trahant et tamen ut per levia spectent. 

Those who clean native cinnabar in the factories 
tie loose bladders over their faces to prevent the 
inhalation of pernicious dust as they breath. 

Plutarch (ca. 50-ca. 125) in his life of Sertorius 
(chap. 17) described the tactical use of a choking 
dust in the campaign against the Characitanians, in 
what is now Portugal. He likened the dust to ao- 
bsaxivov, but this word was regularly used in 
Greek to refer to slaked lime; apfavxog was the 
word used to describe “the stone which could be 
combed and woven” (i.e., chrysotile asbestos). 

Galen (129-199) had personal experience of the 
occupational hazards of miners. During one of his 
journeys he visited the island of Cyprus and spent 
some time inspecting the mines where copper sul- 
phate was obtained. The miners worked in an at- 
mosphere of suffocating fumes, and Galen men- 
tions that he himself was almost overpowered by 
the stench. Those workers who transported the vit- 
riolic fluid out of the mine did so as rapidly as pos- 
sible, to avoid suffocation. 
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2.3 

Treatment of Consumptive Miners 
in the Middle Ages and the Renaissance 

Mining during the Middle Ages is marked by the 
appearance of the free miner and the free mining 
towns. The miner developed from a feudal serf to a 
free artisan. The development took several centu- 
ries and coincided with a perfection of mining tech- 
nique, which was due in part to this very process. 

The oldest pieces of advice and prescriptions for 
consumptive miners were directed above all to 
combatting irritations of the throat. They should 
promote expectoration. 

A Latin prescription, containing Old Magyar 
words, was written between 1410 and 1430 in an 
Hungarian mining community (cf. Wilsdorf 1959, 
Eis 1960). The following substances were recom- 
mended ad pectus (not particularly for miners’ 
consumption): gengber (ginger), ffahay (cinna- 
mon), dragorium (tragacanth; the question mark 
put by Wilsdorf was deleted by Eis), kechgetej 
(goats’ milk), diusmak (nut kernel), fenymak (pine 
seed? Wilsdorf), hyssop (Hyssopus officinalis), sa- 
luia (sage), obruta (Abrotanum = Artemisia abrota- 
num L, Middle High German: abrute; Eis), chya- 



<3on t>en gifftigen lOefen Zempffen 

t>it Keiitbm/Oec Ooetal/ai&GUbec/QQ.uect' 
plbcr 33ley ortb <*nt>tr8(§o Die if CdenbonDt 
wmE b«8 (Bolt fdjmietne/v>nt> anber ai:b«b 
ter in bffl feiirficb geb wucbm mu (fen TDi'c pc 
fid? t>« init bfllcm unt> tic gift perrreibe folic. 




Fig. 7. Title page of Ellenbog’s pamphlet on the poisonous 
evil vapours and fumes of metals. The wood engraving first 
decorated a disputation by Hans Sachs from 1524. The shoes 
in Sachs’ hands were scratched out, and so were the woman 
and the house depicted in the original engraving 



haia (after Eis had wrongly taken this for dya; Dyal- 
thaea = an althaea dispensation), ficus (fig) and mel 
(honey). According to Eis (l.c.) this Old Magyar 
prescription, by comparing it with other texts, may 
be easily derived from the international mediaeval 
tradition, especially the School of Salerno. 

The Swabian physician Ulrich Ellenbog (born 
at Feldkirch in Vorarlberg, became M.A. at Heidel- 
berg on March 17, 1455, MD at Pavia in 1459, and 
died 1499) in his pamphlet on the poisonous evil 
vapours and fumes of metals, instructed goldsmiths 
and other metal workers to protect themselves from 
the noxious effects of vapours of silver, mercury 
and lead. Written in 1473 the paper was printed for 
the first time at Augsburg in 1524 (Fig. 7). 
“Warmth” should counteract against the “cold” of 
the metals and their vapours. This idea of the ar- 
rangement of elements was found in Aristoteles’ 
medicine and in alchemy up to contemporary 
times. Therefore in this pamphlet, which Koelsch 
(1927) termed the “first instruction in industrial 
hygiene in world literature”, Ellenbog recom- 
mended treacle taken in tea or vermouth. 

Soon after the invention of book printing using 
moveable type, Wenceslaus Beyer (1523), born at 
Elbogen in 1488 and with the pen name of Dr. Cu- 
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Fig. 8. Title page of Beyer’s “Fecund remedy with its signa- 
ture for the man working in the famous mine of St. Joachims- 
thal.” Printed in 1523 by Wolffgang Stockel of Leipzig, who 
had also published a sermon by Martinus Luther delivered 
on June 29, 1519, during the Leipzig disputation 
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Fig. 9. Title page of Hundt’s “Useful rule including a report 
of remedy for some thoracic diseases”. Hand-coloured speci- 
men owned by the Leipzig University Library. The coat of 
arms of the lords of the St. Joachimsthal mines, the Courts 
Schick, has five compartments, corresponding to their princi- 
pal estates 
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Fig. 10. Title page of Paracelsus’ “Von der Bergsucht” as 
printed for the first time by Sebaldus Mayer at Dillingen 



bito, the “first municipal physician of Joachimsthal” 
(Clemen 1904), and Magnus Hundt Jr (1529) ed- 
ited instructions on medicine for miners’ consump- 
tion (Figs. 8 and 9). 

Sturm (1965) emphasised that Wernich’s “Bi- 
ographisches Lexikon der hervorragenden Arzte al- 
ler Zeiten und Volker” was wrong in attributing the 
“Useful rule” to the Magnus Hundt born in Mag- 
deburg in 1449, who attained a doctorate in medi- 
cine at the University of Leipzig in 1499, but later 
worked as a clergyman and died as a canon at Meis- 
sen. Jetter (1966) identified our author as the 
younger (“Jr”). 

Paracelsus, whose real name was Theophras- 
tus Aureolus Bombast (1493-1541) of Hohen- 
heim, was, as was his father William, an industrial 
physician. In his monograph “Von der Bergsucht” 
(Fig. 10), published posthumously in 1567 from an 
unknown manuscript (Sudhoff 1925) by Samuel 
Architectus and printed at Dillingen by Sebal- 
dus Mayer (Bibliographia Paracelsica No 88), he 
recommended the following prescription: 

Rec. Liquoris tartari two ounces 
Olii colcotarini one scruple 
Laudani purissimi half a dram 



mixed and administered with three grains of barley 
in weight. 

Paracelsus became a symbol of medicine in the 
eyes of his contemporaries. He carried far greater 
weight than many important humanists, and his in- 
fluence never disappeared entirely from medicine. 
Nevertheless, Pagel’s (1958, p.202) criticism of de- 
fining Paracelsus as the “founder” of industrial 
medicine (Strebel 1948) must be appreciated: “To 
call him the ’founder’ of any branch of medicine or 
pathology is . . . misleading.” 

Agricola (1494-1555), born at Glauchau, en- 
tered Leipzig University in summer 1514 under his 
family name Georgius Pawer* (cf. the facsimile 
from the student directory on the cover of the Uni- 
versity of Leipzig catalogue, April 1994) to study 
Latin and Greek and took the B.A. degree in 1515. It 



* Agricola is the latinised form of his name, not a nom de 
plume as erroneously stated by Collis (1915). Ackermann 
(1783, pp.5, 7, 118) erroneously retranslated Agricola’s 
name as ‘Ackermann’ and thus made himself a namesake of 
the famous man. Indeed much of the private life of Agri- 
cola has remained unknown, particularly since all of the 
municipal archives of the little town of Glauchau were de- 
stroyed by fire in 1712 (Hartmann 1953, p. 11). 




2.3 Treatment of Consumptive Miners in the Middle Ages and the Renaissance 



21 



georgii agricolae 

DE re METALLIC a L1BRI XII* CLVI* 

bus Officia, Inftrumcnta, Machinx , ac omnia denicp ad Metallic 
camfpc^inda^nonmodolucuJenriffimc defcribuntur, fed &pcr 
effigies, fui* loas infertas , adiun<ftis Latinis, GermaniriscB appd> 
lationibus in ob oculos ponuntur, ut darius tradi non polfinu 

JB I V S D E M 

de animartibvs svbterraneis Liber,ab Autorere* 
cognitus:cum Indicibus diuerfis, quicquid in opere tra eta turn eft, 
pulchre demonftrantibu?. 




B ASILE AE M ► D « LVI* 

Cum Priuilegio Imperatori* in annos r. 

& Galliarum Regis ad Scxennium. 



t 7 X DE RE METALLIC* 

Reft a t de malis & morbis mctallicorum ac dc mod is quibus fibi ab ipfi* 
caucre pofTiint : nam Temper maiorem rationem uaJciudinis fuftentandx, 
quim lucri fadendi habere conucnit,ut Ubere munenb. corporis ftingi pof 
fimus.Eorum aut malonim alia afftigunt anus > alia Ixdunt pulmones , par* 
tim oculos , quxdam denicp homines intcrimunt. Aqua in quibus putds 
inert multa & frigidior crura uitiare folecetenim frigus eft inimicu neruis . 
Sed fortores ad earn rem (atis altos perones fibi comparcn t, qui crura mean 
tur ab aquarum frigore.cui cSfilio qui noh panim't, is magno affirietur in* 
comodo ualetudimsiprxfmim cum uixerit ad Tenedutem. Contra uero a* 
liqux fodmx adeo ficcae fun t , ut prorfus aqua careant : qux ariditas maius 
etiam malum dat operands: Hquidem puluis.quidetur &agitatur fofsioni* 
bus,penetrans in aiperam ufty arteriam & pulmones, pari t dirticultatem an 
helitus & uitium, quod Sa-t/ix Grxri Dominant . Quod ft uim corrodendi 
habuen'LpuImones exulcerat,& tab cm ingignit in corporibus:hinc in mw 
callis Carpari monds inuetx funt mulirres,qux fcptc u iris nupferunt:quos 
omnes dira ilia tabes immamra morte artedt . Aldebergi ccrtc in Mifcna in 
fodinis reperitur pompholyx nigra, qux u(qt ad orta exedit uulnera, & ul* 
cera.FcrTum quocp corrodit: ates ob id daui earum calarum omnes funt ii# 
gnd.Quin edam cadmix quoddam genus eft quod operariorum pedes, a# 
quis inadidos,itemcp manus exedit: pulmones & oculos lxdiL Fodien tes 
igitur fibi non modo perones comparent , fed chiroth ecas edam ad cubitu 
uftp al tas: Sc ucficas laxas illiget faciei. Per has enim puluis neep trahemr ad 
arteriam & pulmones,nec in oculos inuolabit:non dirtimiliter apud Roms 
nos fibi cauebant minrj confc<ftorcs , nc putuerem ei us lethalem haurirent. 
TumdifiRcultatcanhclitus pantaerimmobilismanens tam in puteoquam 
in cuniculo:cui malo remedia funt machinx (piriules , quas paulo ante ex* 
pofui. Sed eft aliud malum magis peftifenim , quodcp homini mox after! 
nccem:in quibus putds . uel foists latendbus.uel cuniculis duririri iaxoru 
fi-angit.ir m his acr infiacur ucneno : fiquidem uenx & uenulx comifii 
furx'cp (axorum cxhalant fubdlc quoddam uirus, ignis ui exprertum ex re- 
bus mctallicis alqscp fo(silibus:quod ipfum eum fumo fubleuamr, non ali« 
ter ac pompholyx,qux in offidnis, in quibus uenx metallicx exco quutur, 
ad fuperioremparicris partem adhxrcidtridfi ex terra euolarc ncquiucrit, 
fed dedderit in lacunas,atcp eis innatauerit,periculu conflarc folet . Etenim 
ft quando aqua ia&u lapidis aut alterius rd comota fuerit,rurfus ex ipfi j ta« 
cunis euolatritaqt fpintu du&um homines infidt: fed idem magis cffici t fu* 
mus igni nondum extin&o.Corpora autem animandum ifto ueneno infc* 
^apleru ncpconrinuoturgefcunt.&omnemmotumac fenfum amittunr, 
fine'ep dolore intcreunt-Homincs edam ex putds fealarum gradibus a fcciu 
dentes, ubi uirus incrementum fu m pferi t,ru rfus in eos deddunt : quia ma* 
nus non faciunt fuum oflfidum globofxcp & rorundx ipfts uidentur eftc,u 
tcm'cp pedes. Aut ft bona fortuna pa rum per Ixfi ex his malis euafennt,palli 
di funt & ftmilcs mortuorum.ltacp tunc nemo in earn ipfam fodinam uel in 
proximas defcendat.aut fi fuerit in eis,afcendatocyus . Prouidi cene foler* 
tesip foflores die V eneris ad ucfpera m incendunt ftxucm I ignoru: nee ante 

diem 



Fig. 11. Title and page 172 of Agricola’s “De re metallica” 



has not been established (Muller 1994) whether 
he began his medical studies here or in Bologna, 
Venice and Padova. As a physician he worked at St. 
Joachimsthal and Chemnitz. 

His most famous monograph “De re metallica” 
(1556) described miners’ diseases of the lungs as 
well as of the eyes and the ulcerative effects of ura- 
ninite down to the bones. Dry pits are more harm- 
ful to the miners, since they allow the dust to pene- 
trate much more easily into the trachea and the 
lungs. Pulmonary ulceration made the affected 
miners waste away. In some Carpathian mining 
communities there were women who had married 
seven times. 

Augustus, elector of Saxony (1526- 1586) in a let- 
ter dated January 18, 1555 urged Agricola to have 
his yet unpublished book translated into German as 
quickly as possible (Raedts 1955). This translation 
by Philipp Bechius was printed by Froben and 
Bischoff in 1557. Schiffner (1928) edited a recent 



German translation which was published by the Ag- 
ricola Society in conjunction with the German Mu- 
seum. Herbert Clark and Lou Henry Hoover 
(1912) translated the text from the first Latin edi- 
tion of 1556 with a biographical introduction, an- 
notations and appendices upon the development of 
mining methods, metallurgical processes, geology, 
mineralogy, and mining law from the earliest times 
to the 16th century. 

Magister Johannes Mathesius (1504-1565), 
born at Rochlitz in Saxony, worked, with short in- 
terruptions, at St. Joachimsthal (Jachymov) as a 
teacher at a grammar school and later as priest. In 
the first sermon of his “Bergpostille or Sarepta” (fo- 
lio II), first published at Nuremberg in 1562 and 
praised by Scheffler (1770, pp. 112 and 183), he 
recommended the mineral springs and health re- 
sorts near the mines such as Gastein and Karlsbad 
(Karlovy Vary) as a pharmacy for the poor mining 
people. 
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Fig. 12. Title page of Amatus Lusitanus’ 400 cures, printed 
by Froben at Basel in 1556 
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Fig. 13. Title page of Mathesius’ Sarepta 



In his 341st* cure, Amatus Lusitanus (1556) 
successfully treated a gypsum worker suffering 
from fever and headache with acetic syrup and a 
remedy containing bile and slime. 

2.4 

Professional Lung Diseases 

in the Baroque Period (ca. 1600 to 1740) 

Hippolytus Guarinoni (1571-1654), capitulary 
and municipal physician of Hall in Tyrol noticed 
the mountain sickness of the black pitmen caused 
by continuous working in deep ore mines; in the 
salt mine at Hall where miners worked under- 
ground just as long as this disease was unknown. 

The booklet by Martin Pansa (1614), munici- 
pal physician at Annaberg in the Ore Mountains, 
may be a work of plagiarism or at most a compila- 
tion of gleanings. Rosner (1957) compared Pansa’s 



* Ramazzini (1703, p.64) and Ackermann [although right 
on p. 153 of volume 1 (1780)], in vol.2 (1783, p. 171), errone- 
ously quoted the 5th century. This cure was contained in the 
Basel edition of 1556 comprising both the first two centu- 
ries in a revised printing and the third and fourth centuries 
edited for the first time (Fig. 12). All seven centuries were 
first published at Venice in 1563 in duodecimo and in 1566 
in octavo. Some later editions were printed at Lyons in 1580 
(in duodecimo), at Bordeaux in 1620 (in quarto), and at 
Frankfort in 1686 (in folio). 



text with the corresponding passages of Agricola’s 
“De re metallica libri duodecim” as translated into 
German by Philipp Bechius (1557) and of Joh. 
Mathesius’ (1563) “Sarepta”. However, Pansa’s 
booklet may have satisfied the information needs of 
the endangered miners. It was reprinted in 1681 
(for the title page and three pages of the text, see 
Schiller 1954, Fig. 4). Jetter (1966) emphasised 
that it would have been of little importance to quote 
famous authors as is customary in papers designed 
for learned readers and defended Pansa against the 
disreputable suspicion of plagiarism. 

Daniel Sennert (1572-1637), professor of 
medicine at Wittenberg, in chap. 9 of his “Consent 
and dissent of the chemists and the Aristotelians 
and the Galenists” (1619) was informed by a mine 
physician that the bodies of mine workers con- 
tained the very metal they had been employed to 
dig (cf. Ackermann 1783, footnote on p.52). Sen- 
nert had clear insight into the object-specificity of 
volatile effluvia and their difference from air and 
water-vapour. Smoke from oak-wood, he said, is 
substantially different from fumes given off by 
wood from other trees or from manure. Effluvia 
emanating from the cadaver of a dog differ in qual- 
ity from those of any other animal, as is indicated 
by their smell. Moreover, all these are different in 
kind from vapour, which is but water volatilised 
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Fig. 14. Title page and p.47 of Pansa’s “Consilium peripneumoniacum” published in 1614. A second edition dating from 1681 
showed a view of Freiberg in Saxony 



and hence neither identical with air nor object- 
specific. Metal-fume is atomised metal and as such 
inhaled and deposited in the miner’s lung. Sennert 
was a near contemporary of Van Helmont. His rel- 
evant work appeared before that of the latter, but 
one may assume that, at a time well after Van Hel- 
mont, he finished the bulk of his chemical experi- 
ments and reaped their intellectual fruit, notably 
his concept of gas (Pagel 1982, p.70). 

J.B. van Helmont (1577-1644), an ioatrochem- 
ist, wrote “Ortus medicinae” (Fig. 15), which was 
posthumously edited in 1648 by his son, Francis- 
cus Mercurius van Helmont. On p.370 of his 
chapter on “Asthma et tussis”, van Helmont cited 
several occupational groups such as miners (fosso- 
res) and metal smelters (fusores metallici) soon to 
be affected by asthma. Masked mercury vapours 
(fumus Mercurii utut larvatus) obstruct and con- 
strict the larynx. Thus asthma arises. In another 
asthmatic who suddenly died from suffocation, van 
Helmont found but very little fluid in the lung; he 
described a dorsal pleural adhesion of the right 
lung as the cause of death. For therapy ptisan, cor- 



tex Chinae or similar remedies were recommended 
(p. 380). 

M.L. Ursinus (1618-1664) in his “Disputatio 
medica inauguralis de morbis metallariorum” pub- 
lished in Leipzig in 1652 distinguished two different 
pulmonary diseases: one not caused by external 
poisons, but “ab humoribus”, the other by minerals 
within and on the earth, from which poisons escape 
either spontaneously or on roasting. 

Samuel Stockhausen, a mine physician at Gos- 
lar, also dealt, in his “Hiitten Katze” (1656), with the 
diseases of mine - and smelter - workers. Most of 
the book is in Latin but Stockhausen added an ap- 
pendix in German on the miners’ sickness, indicat- 
ing that he realised the practical importance of such 
knowledge to both mine officials and mine workers. 

Athanasius Kircher (1601-1680) in the sec- 
ond volume of his “Mundus subterraneus” (1664, 
1665, 1678), devoted chapter 2 of book 10 to miners’ 
diseases and the following chapter to their cure. 

Thomas Willis (1621-1675) made several allu- 
sions to persons voiding, with a slight cough, sputa 
like black ink, often in a day, and especially every 
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differ feientiam , quam Sapiemibus huj us 
mundi oecultarar. Cum non fitvolenm, 
currents & laborantis ; fed folius mifc- 
remit Dei. Cui in xtetnum (it omnis 
honot& gloria. 

Qupd autem odorcsfuavc?,tiiftitiam, 
item dulcedioct, Afthtna facetcnt i nolim 
intelligi, quad cxitliscaufispcr fc Aflh- 
ma ficiet. Cum in aliis muhcnbus.eadcm 
Cnt grata > 5 c innoxia : in aliis verb, loco 
Afthaiatis,hcmicraoeam,palpitationes,& 
ijneopes pa riant. Nam unguia ejufmodi 
proveniunt ex (ingulari amentixuierinz 
42, furore. Presbyter quidam dive*, fit bon* 
yitx , annot juvenile* tumquam Venere 
aut Baccho triverat , anno 5 g repente rau- 
cefeit, fenftm tonum fit vocem amittit: 
verbaque rantum fornutaperanhelitum 
expremr. A raitccdine , totusanhclofus, 
poft annum moritnr. Diffcftopulntone, 
invenitur fmiftti latetis lobu* pofterior, 
durutiScc pumice lapidefeens ■ intufquc, 
oujfi grumus per pulmonem occaluif- 
4J. let. Uoi autem afpera artcria, in qua* 
tuor lobos difpergitor , grumi caicofi 
c'rant, inter cartilagincm, 5 c pumicemmc- 
dit : plurefque ejufmodi lapilh , fpatfim 
per pulmonis regioncm, vifi- Perpetuum 
bic bonus vir Afthma, non autem recur- 
rens tolerabat. Sputa tamen nonexccde- 
bant. Ultimx enim digeftionis alimen- 
turn » & fermento alicnocoagulatur.undi 
A(\hma rarum j inter humidum 6c fic- 
44. cum , ambigen*. Fofforcs.fufotes metal- 
lic!, Separators ( Monetarii > Chymiftx, 
itemque Artifices, Chryfulcx* Ccruffx, 
Minii, vitidis xris , Cinabrii , Deaurato- 
res.&c. moxomnesAfthmatccotripiun- 
tur, quia infpiratuni Gas. cum acre, cana- 
Jes laryngis vitiat in fexta digeftione. Un- 
de fit , quod loco aflimulationis nurri- 
memi,totum degencret in cxcrcmcntum, 
juxta conditionero feimenti tranfmutan- 
tis. Quo dcteiuo,atque fubfiftcnre.eiau- 
duntur ptxfati canatcs. At quia ipfa 
digeftio fexta labem coouaxtt in fui 
poicfUttbus vualibus . ab cadcnuci itn- 
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-preffione , vel eiufdem adhxfione reali » 
(deb quotidi&t imofic in boras, novum 
ejufmodi cxcrcmcntum fubnafeitur, in 
mortem ufquc. Quxprx fotibusadeft, 
ubt cxcremeoto nato non fufficit vis ex- 
pulfiva, explodcndipertuflSm. Idcbque 
turn Afthmatc prxfbcantur. Nam 5t 
quorundam mir.craliumGas.cx propric- 
tare ft at i m fuffocat , non (ecus atque cry- 
ptaficulacanem. Fumut iwmqucMcrcu* 
rii ( qul utut larvarut , ftroper eft tamen 
Mcrcurius ) laryagcm (litim prxcludic 
5c conft tingir. Erenim, quia veneno hor- 
ridus, ftatimfefe fauces com rahunt , ab 
hoftis prxfcntia. Saltern omne Gas no* 4$, 
cuum , fuo infpiraru , rulmonisdigeftio- 
nem vitiat: foidefquc iftx , teftes illatx 
injurix, ftatim trageediam ad Epilogum 
traducunr, fi tcnacius adhxfcrinr. quia 
novafordium foboles continuo fubnafei- 
tur. Ilaufto igitur veneno Endemici Gas, 
fuccumbens Pulmo , mox Afthma pant. 
Sicquoqueinfignc frigus, quatenus viti* 
bus pulmonis Supetiu* humidum Afthma 
parit, quia dtgeftionem ibidem perdit. 

Afthmaticus alius repente fuffocatus , 46 , 
licet fputa recle cjiceret. Quxfira eft cau- 
fa per Anar omen. Inpulmonc nontc- 
periebantur excrcmenta , nift pauciffima : 
ted lobus dexter pone, pleurx adnatus 
erat. Medenrcs nodum rci repeiiffe con- 
tenti. Ecce , inquiunt , necis tepentinx 
caufa. Non enim pulmo fcmovcrc po- 
tuit, id co & fuffocatus peri it. Obrifi ad- 47* 
hucadolcfcens, noncredens, quod pul- 
mo , ( quem neceffario , 5c conrinub mo- 
veti , turn adhuccredcbam) una fortfcho- 
tula , tam firmiter pleurx adnatus fuiffet 
rettb : ( potiflimum fedenti ) ipfa verb 
hernia , intro compulfa, ftridimque com* 
prella, t am invito coacrefceret fuo con- 
fociolabro , ctiamfub quietc Je&i. Inte- 
rim continui hzc divulfi accrctio, effec 
abindicationesaturx: non item pleurx 
ad pulmonem , utrumque quorum dlftin- 
guebat fua membrana , & lcopusoacurx. 
Difpexi has Scbolarum tcmeriu’.cs , dein- 
<cps 



Fig. 15. Title page and p. 370 (actually p.372) of van Helmont’s “Ortus medicinae” 
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Fig. 16. Title page of Ursinus’ dissertation on the diseases of 
metal miners 



morning, for many months, and stated that in some 
this symptom disappeared on the supervening of a 
severer cough, attended with a copious expectora- 
tion of yellow spittle. 

Michael Ettmuller (1644-1683), professor at 
Leipzig, in his Collegium consultatorium (1675) de- 
scribed a pewterer (stannarius; case 17, in a later 
edition of 1736, case 20), who was reported first 
with cough and then with great anxiety and diffi- 
culty of breathing, especially at night; he used to 
jump out of bed and open the window for fresh air. 

Georg Wolffgang Wedel (1645-1721), from 
1673 professor in Jena, commented on the diseases 
of miners in his “Pathologia medica dogmatica” 
(1692). He mentioned that metallurgical workers 
were liable to asthma montanum. 

«Obiter hie notamus, in pulmonibus etiam posse 
promoveri ortum calculi a causa externa, quod in 
calcarii ancilla, a particulis calcis copiose per re- 
spirationem haustis, observavimus» (l.c. p.229). 
Suchland (1693) of Clausthal, a famous mining 
community in the Harz Mountains, obtained his 
doctorate at Utrecht University. In his disputation 
on metal miners’ and smelters’ paralysis he made 
triple therapeutic proposals: surgery, pharmacy, 
and dietetics (no meals causing flatulence). 
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Fig. 17. The allegorical frontispiece of A.Kircher’s “Mundus 
subterraneus” shows Heaven, Sun and Moon. Underneath 
this, suspended on Homer’s Golden Chain, Earth is blown by 
the Winds. The banner across the lower part of the chain re- 
produces hexameters from Virgil’s Aeneid (VI 726 and 727): 
“Spiritus intus alit, totamque infusa per artus Mens agitat 
molem” 



«Causa Tragcediae fumi metallici sunt, quia de 
Paralysi non aliorum sed tantum Metallariorum hie 
sermo est» (l.c. p. 5). 

Ramazzini (1700, p.21; 1703, p.21) recom- 
mended milk for throat complaints: 

Pro faucium, & gingivarum erosione gargaris- 
mata ex lacte egregiam praestabunt operam, ut 
quae particulas illas corrosivas inibi haerentes de- 
mulceant, ac absorbeant. 

For the corrosion and soreness of the throat and 
gums, gargarisms of milk are extremely service- 
able, as being apt to qualify and absorb the cor- 
rosive particles lodged in those parts. (Transla- 
tion quoted from Rosen 1943, p. 119) 



GEORG 1 1 WOLFF- 

GANG I WEDELII, 

MED. DOCTORIS, CONSILIARH ET ARCHIATRI 
DUCALIS SAXON1CI, ET PROFESSOR1S 
PUBLIC! , 

fgfATHOLOGIA 

ME D1C A DO- 

GMATICA. 




Typis Krebsianis. 



Akno M DC XCII. 

Fig. 18. Title page of Georg Wolffgang Wedel’s “Patholo- 
gia medica dogmatica” 



complained that Ramazzini had not any concep- 
tion of social solidarity, of the interdependence of 
the individuals forming a social unit within the city, 
and had but a very imperfect idea of the social as- 
pect of occupational disease. However, at the begin- 




In his reflections on “Ramazzinian sources” from 
the “De morbis artificum diatriba” Carozzi (1937) 



Fig. 19. Georg Wolfgang Wedel (1645-1721), engraving 
published 1718 in Acta eruditorum 
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Fig. 20. Ramazzini’s “De morbis artificum diatriba”. Title 
page of the first edition 



ning of his book (p. 12, in the German translation of 
1705 on p.4) Ramazzini wrote: 

Extat elegans Epistula D. Cypriani ad complures 
Episcopos, & Diacones, quos imperatorum, barb- 
aries Metallorum fossioni addixerat, in qua eos- 
dem hortatur, ut jis in fodinis, e quibus aurum, & 
argentum erruerent se verum Christi aurum pro- 
barent. 

Der heilige Cyprianus ermahnet in einer herrli- 
chen Epistel die oeffentlich am Tage liegt / viele 
Bischoeffe und Pfarrer / die von den tyranni- 
schen Kaeysern in die Bergwercke religiret wor- 
den; Sie moechten doch in den Gold- und Silber- 
Minen das wahre und rechtschaffene Gold 
Christi bewaehren. 

Legge (1946, p.30) stated: “There is a fine human- 
ity, free from any taint of ludicrous, expressed in 
passages in his book”. It is interesting to note the 
preventive measures advocated for avoiding the 
sucking in of smoke (mercury fumes) into their 
mouths by turning their backs to the wind when 
gilders fired amalgam: 

“Cum enim non nisi per amalgamationem id 
peragi possit, dum postea Mercurium igne propel- 
lunt, non tarn cauti esse possunt, licet faciem aver- 
tant, quin virosus halitus per os excipiant, quare 
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Fig. 21. Ramazzini’s “De morbis artificum diatriba”. Title 
page of the second edition 



hujusmodi Artifices vertiginosi, asthmatici, paraly- 
tici citissime evadunt, habitusque cadaverosos con- 
trahunt” (Ramazzini 1703, p.25). 

According to Ackermann (1780, folio 4), who 
cited Haller’s Bibliotheca medicinae practicae, 
tome III, L.X. p.483, Ramazzini’s achievements be- 
came apparent in nine reprints of the original Latin 
edition and seven prints of his subsequent works. 
“De morbis artificum” was translated into German 
(Fig. 22 and Fig. 23), English (1705, 1746), Italian 
and Dutch. De Forcroy (1777) attended to a 
French translation from the Latin, which was ex- 
tended and furnished with footnotes. After Acker- 
mann (1780, 1783) some more adaptations and en- 
largements were published, e.g. by Patissier (1822) 
and Schlegel (1823; Fig. 25). In his preface 
Schlegel (1823) mentioned 17 reprints and the 
adaptations by Morgagni, De Forcroy and Ac- 
kermann. While Adelmann (1803) referred to 
2771 craftsmen who fell ill in Wurzburg within 16 
years, Patissier included nearly 20,000 artisans 
and workmen from all the Parisian hospitals in 
1807 alone. 
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Fig. 22. Title page of the first German translation of Ramaz- 
zini’s treatise, published together with a contemporaneous 
medical book. The translator is anonymous 
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Fig. 23. German translation of Ramazzini’s treatise. Weid- 
mann’s publishing and bookselling house was founded at 
Frankfort on the Main in 1680 and transferred to Leipzig in 
1681. Its most famous authors included Wieland, Gellert, 
Lessing, and Lavater 
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Fig. 24. Ackermann’s adaptation and enlargement of Ra- 
mazzini’s treatise. Title page of the first of two volumes. The 
title page of volume 2 identifies him as a member of the Im- 
perial Academy «Leopoldina» 



Siemens (1705) of Goslar advised metallurgists 
to protect themselves from the vapours of mercury, 
antimony, sulphur, arsenic, and lead by avoiding 
their inhalation and by the swallowing of saliva. It is 
best to work in the open air. Protective drugs in- 
clude ginger, cardamom, and cinnamon. For bever- 
ages Siemens mentioned decocts of veronica, mal- 
low and ivy, and coffee with plenty of warm cow 
milk. 

According to B.Zorn (1714, p.393) pickmen and 
miners take pulverised lovage root in wine against 
the damp and poisonous metallic vapours before 
descending into the pit or working in the smeltery. 

De Pre’s (1719) dissertation at Erfurt University 
is entitled “De phthisi pulmonali samiatorum, 
vulgo - die Schleiferkrankheit”. This disease was 
mentioned by Hirt (1871, p.22) as a non-tuber- 
culous phthisis associated with a dusty trade. 

Johannes Bubbe (1721) in his dissertation at 
Halle University entitled “De spadone Hippocratico 
lapicidarum Seebergensium haemoptysin et phthi- 
sin pulmonalem, vulgo: Der Seeberger Steinbrecher 
Kranckheit” for the first time published some de- 
tails on a disease caused by the inhalation of stone 
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Fig. 25. Schlegel’s adaptation of Ramazzini’s treatise based 
on Patissier’s adaptation, translated from French into Ger- 
man, and extended with a preface and further additions 

< 



T Fig. 26. Bubbe’s dissertation on the quarrymen’s disease oc- 
curring at Seeberg 
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tis afuetae, non exempts tamen funt penirns , quia in 
partus circumftantiis plethoricae ex diflicultatcparturi- 
endi poflibiliter hoc malum accerfere valent. 

Facit aliquid ditpofitio hertditaria, quz quemadmo- 
dum ad phthilin, fputum cruentum, proclives reddit, 
ita & ad fpadones. 

Aer nimis calidus ac frigidus fuum fymbolum et- 
iam aiTerunt. 

Item cibus ac pocus , hoc pafTu piper & fpirituofa 
potulenta non omni culpa carent, prxfcrtim fi ex ma- 
lo ordinc & inconfiderata aduetudine pro fudore pro- 
Jicicndo, cochleatim piper, & fpiritus ffumenti adhi- 
bent noftri loci Spadonum candidati. Quidpotus fri- 
gidus, sftuante corpore hauftus, nocere poflit, quoti- 
dians experientia conllat. Hinc ante paucos annos 
non fatis deturpanda adhuc apudnoilros aluctudofuit, 
quod poll pro eximio gradu habito ex labore roocu, 
nempe polt lapidum transportationem ad plaudra & 
vchicula alia, d3tas pro more reccpto, imd> bfm flltm 
bofflt |)trbOinmm, cerevilias, a vefloribus promifl'as, 
auflflbt ?J5icr , in cryptis fuis huic fini aptatis , ex lapi- 
dum frumentis cfFabrefactis, epotando, corpus algens 
Cubits refrigerationi ab extra Sc intra ad mi da exponen- 
do, 5cpro peiTimo fui genii indulfu peccando.ingurgi- 
tando nempe frigidam,axiomaillud: omnisfubitamu- 
tatioed periculofa, fuo damnocomprobarunt. Vidi- 
mus aucem pod hujus vitii demondrationem & obten- 
tam omidionem , nunc minus crebrioresedeidosinlul- 
tus fpadonicos. 

Non ed noftri fcopi rccenfione dignari, quid ms- 

fig 
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dust. He classified his paper into the chapters: no- 
men (pp. 8-11), natura (pp. 11-24) and curatio 
(pp. 24-28). He speculated on some inheritable dis- 
position for consumption and blood-tinged expec- 
toration (p. 16). 

Kochlatsch (1721) from Neusohl (Banska Byst- 
rica), a formerly Hungarian, now Slovak mining 
community, in his dissertation at Halle University 
entitled “De metallicolarum nonnullis morbis” re- 
ferred to Ettmuller’s “De respiratione laesa”. 

Johannes Gottlieb Neumann (1721) from 
Freiberg (Saxony) in his dissertation at Halle Uni- 
versity entitled “De praeservandis metallicolarum 
morbis” pointed out that some diseases of miners 
and metallurgists are incurable. As adolescents are 
particularly susceptible, prophylaxis is most impor- 
tant for them. On account of the dust hazard arising 
from picking, this work should be performed in the 
open air or in well aerated rooms. To protect mouth 
and nose from penetrating dust the face should be 
covered with gauze. 

Thomas Benson, a working painter, in an appli- 
cation made in 1726 for a patent for the wet grind- 



ing of flints for use in earthenware manufacture, 
stated that when the process was carried out by the 
usual dry method ‘persons ever so healthful cannot 
survive above two years’ (quoted from Meikle- 
john 1947, 1960). 

J.J. Wepfer (1620-1695), famous for his studies 
in organic and inorganic toxicology, described 
quarriers’ disease from a mountain cavern near 
Waldshut at the Rhine (1727, p.444). He regretted 
being unable to report on any necropsy. 

Wepfer (1679) discovered the glandulae duode- 
nales, but they were named after his son-in-law, Jo- 
hann Conrad Brunner (1653-1727), professor at 
Heidelberg and personal physician of the Elector 
Palatine. Brunner (1686) published on this subject 
under the expressive title: “Novarum glandularum 
intestinalium decriptio”, while Wepfer’s discovery 
published under the title: “Cicutae aquaticae histo- 
ria et noxae” might have been overlooked when 
personal names were introduced in the anatomical 
nomenclature. 

Moller (1730) of Neusohl, obtained his doctor- 
ate at Halle University. In his “Dissertatio inaugura- 
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444. Obfcrvatio CIV. Catarrh! frequentes. 

quam catanhos paricurum: a (bgnatione enim oriuntur infumnutio- 
ncs, cancri, icirrhi, fcrophulic, tumores cum folliculo aliave mala. 
I’r.cten ditur quidem autiquitas liujus opinionis, qua; tamen vix Feme- 
lianam ntatem fiipergrcdiccur. Novi Exc. Kiolanum huic Icntcntiac fa- 
v ; d'e ac propterea circulationem fanguinis peculiarem excogicafle : at- 
tanicn quoque egregie ab Excell. D. Stegelio Hamburpenp de wotu cby- 
li fau^cinis aliiique vapulavit. 

Phthifi ,Yoi Dominum a pulmonum ulcere oriunda non a-grotare 
libera refpiratio, fputum etiam ex imis bronchiis produfluro putis ex- 
pert Sc febris lent* abfentia demombant. Num ilia qux a marcore 
dc pulmonum ariditate originem ducit, vel adlit vel metuenda force? 
fummopere dubito , cum .Vo bihjf. Domini pulmor.es alias ob crebros 
bronchos nimium irrigenrur. Anomnino calisvifa fuerit? non aufina 
negare, quamvis illam nunquam oblervarim in Prnxi men ji . annum 
excedente , nec viderim, ouatmis non pauca phthifi emottuorum ca- 
davers fecuerim : U'aldithnti ad Kbennm in vicino monte fpeeut eft, in 
quo lapidet molares effodiuntur £*> dedol.utur ; in illo aer femper , etiam 
gelidijjtmd Brurna, catet puhisque volitat \ub(ilijpmut, toculos coriaceot pe- 
netrant arcitjjime elaufot ej nummot confptncims : quotauot lapicidartm 
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navi, qui purulenta rejecerunt ; pauaftimi non nip mature opem pofeen- 
tet evadunl. Fotte Bit pulmones exarefeunt. Certb id afprmme nequeo, 
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rentorim. Ab hac phthifi Nob. Dnut ut fibi mctuac , nullam ratio- 
nem habebit, licet macilentus fit, nec a libetaliore viftu habitus au- 
eeatur : maciei autem caufie plures aliae , prater febres lentas ellepof- 
lunt, plurimorum habitus non augetur, licet nullus morbus adfit vel 
propter fuccum unicum nutritium, ob faifiiginem quoque, minus ad in- 
haurarionem aprum. Quia veto Dnus Parens & Fratrum unut phthifi 
obierunt, oportebit (altem medentes cautiores erfe atque etiam tuta 
omere. Plerique (ados catarrhos phthifin minitan tradunt, quibus ta- 
men Platerui in Praxi adverfatur : plures quoque novi frequenter il- 
lis obnoxios ad feram fenettutem pervenilTe, ut quotidie videmus fe- 
rum falfum fine damno pulmones permeare. 

Fotte llluftnljimus Dommut jam aliquid arthritici experitnr, dum 
in his paroxyfmis catarrhofis humerus linifter, ubi Fonticulum geflar, 
aliquoties doluit , nil! fymptoma hoc adferibendum Fonticulo Jevio & 

nimium 



Fig. 27. Wepfer’s posthumous monograph containing his report on Waldshut quarriers’ disease 
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Fig. 28. Title page of Moller’s dissertation “De aere fodina- 
rum noxio” [on noxious mine air] 

lis medica de aere fodinarum metallicarum noxio” 
(Fig. 28) he considered both therapy and prophy- 
laxis in detail. 

Carl Linnaeus (von Linne, 1707-1778) in his 
“Iter Dalekarlicum” (1734) referred to the short 
lives of sandstone quarrymen of Orsa. 

Friedrich Hoffmann (1660-1742), 1693 pro- 
fessor of medicine at Halle and from 1708-1712 
personal physician to Frederick I, king of Prussia in 
Berlin, in his “De metallurgia morbifera” (1738) 
stated that the men employed in digging and manu- 
facturing cobalt at Kuttenberg in Bohemia are af- 
fected with vomiting, syncope, anxiety, cardialgia, 
difficulty of breathing, sense of suffocation, trem- 
ors, etc.; and that they have the appearance of living 
skeletons. 

Although Hoffmann was an experienced and 
successful practitioner, for him medicine became 
science only through its philosophical treatment. 
According to Herman Boerhaave (1668-1738) it 
is neither useful nor even possible to investigate the 
final metaphysical causes of disease: 

Ultimae quoque metaphysicae et primae physi- 
cae causae medico investigatu necessariae, utiles vel 
possibiles non sunt (Prolegomena § 28). 

The physician might best accomplish his task by 
turning to the causa proxima. Hoffmann, who 
nearly equally Boerhaave in pedagogic success 
and international reputation (Steudel 1954), was 
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Fig. 29. Title page Henkel’s monograph on the “miners’ and 
smelters’ sickness” 

not content with this restriction to the attainable. 
He established a final principle to derive the vital 
functions in the healthy and ill organism in a sim- 
ple manner. He believed he had turned medical art 
into a teachable science in this way, a thought that 
was in keeping with the brand of rationalism of his 
time. 

2.5 

Occupational Lung Diseases in the Age 
of Enlightenment (ca. 1740-1830) 

For workers in quarries Hecquet and Boudon 
(1742, p. 27) recommended a scent bag containing 
some garlic malaxated with camphor. The protec- 
tive effect of garlic can be attributed to its antioxi- 
dant properties because it has been found that the 
following compounds of garlic: S-allylcysteine, S- 
allylmercaptocysteine, S-allylcysteine sulphoxide, 
and allicin (thio-2-propene-l-sulphinic acid S-allyl 
ester) have the ability to scavenge reactive oxygen 
species (Augusti and Sheela 1996, Ide et al. 1996, 
Rabinkov et al. 1998). S-Allylcysteine inhibited NO 
production through the suppression of inducible 
nitric oxide synthase mRNA and protein expression 






2.5 Occupational Lung Diseases in the Age of Enlightenment (ca. 1740-1830) 



31 



in the murine macrophage cell line RAW264.7, 
which had been stimulated with lipopolysaccharide 
and interferon-y (Kim et al. 2001). 

Stephen Hales (1677-1761), rector and perpet- 
ual curate, diocesan proctor, chamber clerk to the 
Princess of Wales, botanist, physiologist, chemist, 
and applied scientist, in his later years became a pi- 
oneer of public health. In 1743 he described ventila- 
tors: whereby... fresh air may... be conveyed into 
mines, prisons, hospitals, etc. A second part ap- 
peared in 1758. The book was translated into 
French by Demours (1744). 

In 1741, two other individuals were investigating 
ventilation: Sutton, a coffeehouse keeper in Alder- 
gate Street and Martin Triewald, a captain of 
mechanics to the King of Sweden. Sutton’s devices 
differed from those of Hales but Triewald’s 
seemed identical. Hales did not mention the work 
of Sutton and denied knowledge of that of Trie- 
wald. He stated in the preface on his book on ven- 
tilators: “It was a very extraordinary circumstance 
that two persons at so a great distance from each 
other, should happen to hit on inventing a like use- 
ful Engine.” 

Henkel (1745) in his “Medicinischer Aufstand 
und Schmelz-Bogen. Von der Bergsucht und 
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Hiitten-Katze, auch einigen andern, denen Bergleu- 
ten und Hiitten-Arbeitern zustoBenden Krankhei- 
ten, vor dieselben und diejenigen so in Stein, Erz, 
Metall und Feuer arbeiten, ausgestellt” refused 
blood letting (p. 95). 

Richard Mead (1683-1754) in his “Monita et 
praecepta medica” (1752, p. 9) refers to a miner, who 
died at the age of 109 years and 3 months as quoted 
by Ackermann (1783, p.3, footnote **). 

Rousseau (1755) made sociocritical comments 
on how the unsound professions shortened life or 
destroyed health: 

Qu’on ajoute a tout cela cette quantite de metiers 
malsains qui abregent les jours or detruisent le tem- 
perament; tel que sont les travaux de mines, les di- 
verses preparations des metaux, des mineraux, sur- 
tout du Plomb, du Cuivre, du Mercure, du Cobalt, 
de l’Arsenic, du Realgar; ces autres metiers peri- 
lleux qui coutent tous les jour de la vie a quantite 
d’ouvriers, les uns Couvreurs, d’autres Charpen- 
tiers, d’autres Massons, d’autres travaillant aux car- 
rieres; qu’on reunisse, dis-je, tous ces objets, et l’on 
pourra voir dans l’etablissement et la perfection des 
Societes les raisons de la diminution de l’espece, 
observee par les plus d’un Philosophe. 
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Le luxe, impossible a prevenir chez les hommes 
avides de leur propres commodites et de la consid- 
eration des autres, acheve bientot le mal que les 
Societes ont commence, et sous pretexte de faire 
vivre les pauvre qu’il n’eut pas fallu faire, il appauv- 
rit tout le reste, et depeuple l’Etat tot-ou tard. 

Scheffler (1770, p. 199) warned his colleagues 
about blood letting and purging in ill miners, but 
proposed to prescribe a true Sal vitale antisepticum 
of vegetable origin (Herb. Rutae, agrimoniae men- 
thae Crispae, fragariae melissae oreoselini, pulegii, 
Radix chinae ponderosae Taraxaci, Semen nigelli 
Napii). 

Johann Peter Frank (1745-1821), a great- 
granduncle of Franz Koelsch, published a six- 
volume “System of a complete medical police” 
(1770, 1780, 1783, 1788, 1813, the 6th volume in two 
parts in 1817 and in 1819). Volume 1, which was out 
of print after one year, was reprinted in 1784. Vol- 
umes 1 to 4 were reedited in an amended and sup- 
plemented form in 1786, 1787 and 1790, respec- 
tively. Frank emphasised the hygienic importance 
of mining ventilation (cf. Koelsch 1966, pp. 1813 
and 1886). 



Thomas Percival (1740-1804) reported on the 
outbreak of fever in cotton mills at Radcliffe north- 
west of Manchester in 1784 (cf. Rosen 1958, Mei- 
klejohn 1959, and Buess 1960). 

Louis Le Blanc (1775), professor of anatomy 
and surgery at the Ecole Royale de Chirurgie d’Or- 
leans, wrote a note on the formation and hardening 
process of sand stone with a description of the sin- 
gular disease which attacks the workmen hewing 
and grinding this sort of rock. Under the micro- 
scope, the fine, very delicate particles look like 
small faceted diamonds, but a little oblong in a 
sharp-cornered form (un petit diamant a facettes, 
mais un peu plus allonge en forme de coin; p.562). 
As the dust particles were able to penetrate the 
glass of a bottle, they might also invade the human 
body and no antidote might be found (p.582). 

Hebenstreit (1791, § 179) advised a govern- 
ment paternally concerned for the welfare of its vas- 
sals to arrange as far as possible to replace noxious 
and poisonous materials worked by workmen and 
artisans with unharmful ones or at least invent easy 
practicable process engineering. 
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Fig. 32. Hebenstreit’s proposition of a medical police science. The title page shows a vignette by [Adam Friedrich] Oeser, 
director of the academy of art in Leipzig. Section 5 deals with the obligation for safety in the means of making a living 
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The mine physician Karl Arnold Kortum 
(1745-1824), known for his “Jopsiade” (1784), rec- 
ommended the following in his health booklet for 
miners (1798, p.40): “If paralysis of the limbs, 
shortness of breath or such illness really exist, one 
must consult the physician in order to avoid a 
deeper rooting of the evil, which may be cured by 
early application of useful remedies. Herb-tea or 
draughts of melissa, salvia, hyssop, betony, thyme, 
arnica, and similar herbs one may surely use for an 
adjuvant.” Franz Anton May (1803), whose por- 
trait decorates a medal awarded by the Society for 
Health Education (Fig. 35), recommended to the 
masons: “Bricks too dry which intensively dust 
when hewn with the bricklayers’ hammer or the 
clay pick and tear off iron splints, should be sprin- 
kled with the spray brush. When hewing the mason 
should draw his face back as often as possible to 
avoid that heated iron splints might damage his 
eyes or even be inhaled into the lungs.” 

In Japan, in 1811, a physician of Tatara Gold- 
mine wrote a letter to a professor of a medical 
school, in which he described precisely the clinical 
symptoms of silicosis. It was said at that time that 
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Fig. 34. Title page of Franz Anton May’s “The art of pro- 
longing the health of craftsmen against the dangers of their 
trade” 

plum was effective in preventing silicosis and many 
plum-trees were planted at Ikuno Silver-mine at the 
suggestion of the governmental officer. Also in the 
19th century a kind of dietetic therapy was given to 
silicotic patients and some official compensation 
was made at Omori Silver-mine (quoted from 
Miura 1961). 

2.6 

Professional Lung Diseases 
in the Age of Industry 

Thackrah’s (1832) account of morbidity and mor- 
tality among mine workers was, as Rosen (1943) 
stated, not very far removed factually from that of 
Ramazzini. Thackrah conceived that his own ob- 
servations in practice were avowedly imperfect. 
When he wrote “The pulmonic diseases, however, 
chiefly prevail among the miners of coal, which is 
loaded with pyrites, and which produces conse- 
quently considerable dust”, we can now say that the 
dust contained the Fenton catalyst by itself to pro- 
duce most pathogenic reactive oxygen intermedi- 
ates. 
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Fig. 35. Portrait of Franz Anton May decorating a medal 
awarded by the Society for Health Education (courtesy of the 
German Cancer Research Centre, Heidelberg) 



James Kay (1831), a Manchester practitioner, 
described what he called “spinners’ phthisis”: 

“In many cases which have presented themselves 
at the Ardwick and Ancoats Dispensary, the disease 
has appeared to me to differ from ordinary chronic 
bronchitis” (emphasis added). 

Petrenz (1844) complained of the nearly com- 
plete lack of information on quarriers’ disease in 
scientific papers and reference books. Practising 
medicine at Schandau in the mountain range on the 
Elbe river in Saxony, he was well-acquainted with 
this fatal disease. He advised a minimum age of 25 
years for admission to the profession, wetted 
sponges to prevent the dust from entering the respi- 
ratory system, and change of occupation in case of 
respiratory disease. 

According to Halfort (1845) expectorants can 
remove dust only from the bronchi, but not from 
the alveoli. As Holland (1843) did, he recom- 
mended a change in occupation. 

Vernois (1858) complained of most physicians’ 
ignorance of details in production engineering. Since 
the working class comprised the largest number of 
diseased persons, he urged his colleagues to inspect 
their working places. Since 1853 the hospitals of Paris 
recorded deaths by profession, and in the years 1853 
to 1856 there were no coal workers(including coal 
merchants and trimmers). But there were 633 water 
carriers admitted, 76 of whom died. Thus Vernois 
concluded that coal dust would not be harmful. 

E. H. Greenhow, the first medical inspector of 
factories in England, in 1864 identified particles of 




Fig. 36. Portrait of Charles Turner Thackrah 

(1795- 1833) in the Medical Library of the University of Leeds 



silica in the lungs of grinders by the use of pola- 
rised light. He was probably the first to use pola- 
rised light for this purpose. 

Ludwig Hirt (1844-1907), in order to solve a 
prize question suggested by professor Heinrich 
von Bamberger of Wurzburg, investigated the in- 
sanity of tradesmen using statistical references 
from larger infirmaries. He distinguished between 
diseases favoured by dust inhalation and diseases 
directly caused by dust inhalation. The former 
cover catarrh of the airways, pulmonary emphy- 
sema, bronchiectasis, pneumonia, and phthisis non 
tuberculosa; the latter pneumoconiosis. Individual 
trades and factories associated with more or less 
dust exposure and proposals and measures to com- 
pensate the harmful effects of the different types of 
dust were discussed in detail. However, Hirt’s valu- 
able material and personal investigation found little 
interest, they were ignored, and his results were de- 
rided (Koelsch 1967, p. 114). Ludwig Hirt found 
a late appreciation as a pioneer in industrial social 
hygiene of by Stefanie Hirt (1940). 

John Thomas Arlidge (1822-1899), after a 
short flash of publicity and glory following the pub- 
lication of his Milroy Lectures in 1889 and his 
monograph on “The hygiene, diseases and mortal- 
ity of occupations” in 1892, was almost completely 
forgotten, but Meiklejohn (1946, 1954, 1963, 1966, 
1969) and Posner (1973) reawoke interest in him in 
several papers, and Isaacson (1956) privately 
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Mr mritfjtem 25flrn 8cbtn4jaljre in bit 3«a[t ciultcle, ba 
trfaljntng6m6(i!g jugcnbli$' Drgam'6mni bid f$ndlcr unb 
intcnflbcr erfranfen alb bilerc; ipcrfoitai, bic erft fruit iftre 
Slrbcit in ben Steinbriiefieii entfiiigesi , errdiOeu oft bcl jiem. 
lifter ©cfimbpcit cin Siller bon GO — 70 3nljtttt, loaijrenb 
anbre, bit fi$ fdjoit in friiljefler 3iigcnb bens gtf4tjrU<bni 
©eiucrbe Ijingabta, felten Alter al« 40 — 45 3aljrt sretben. 

S3ei ber SIrbcil briuge man alle bitjeuigen ^ilfdmittd 
in Slmoenbung, loctijt brn Slant nicberfeplagen ober enl. 
femcn tounen, ober barauf bcrcdjitct (inb, bad Sinbringen 
bed Slanted in ben ®!imb nnb bie Sllljcntorgauc jn bct» 
fyUaL ®ir Ijaben biefer SVitlct frlton bel mctjrtrni SlnMffcn 
fpeeidl gtbaifit unb M'cllcn fie bcdl)al6 fjicr uidjt ivitber. 
Ijoleullid) aiifjfiljlcu. "llctrcuj rfltlj boriugdibcife an, beu 
Saubflcin H'flljttnb ber SIrbcil oft mit SEBoffcr )n bcfprcngcu 
unb fflinnb unb 9{a(e burifi angefeudjlete Sdjwdinme, bie 
abet fef)t oft gcrcinigt iretbcn miiffcn, ju Mncaljrcit, 3)ic 
SIrbciter in gontainctleau fudjeu beim Spraigen bet Slcine 
fret* field fo ju pencil , bap fir ben SBiub im Suden Ijaben: 
auf biefe ffleife tuirb ber Slanb fdjr feptidT, nadibnn cr 
cnhoidclt noorben, fjimMggcfnljrt. Sedj unb ffiilifif) cin< 
pfeplen bad Iragen cincd fiber bie Sippen Ijcrabljilugcubcn 
Sdjmirrbnrtcd. geruer locife man bie SIrbeilet an, SRafc 
unb SRmib often) mit lamvanncm fflaffer audjufpfilcn. 
Uebetmdpige Sluftrengnug unb failed Irinfcn bei ber SIrbeit 
pub ju uemteiben, eben fo bad Xabafraudjcu, lodepcd eincr< 
fritd ni<tit blop am ©ebrandje cincr brn POtunb f^iipenben 
SJebeduug Ijinbert, fonbern audj jn lieferen 3nfplrationen 
iietljigt. 



Fig. 37. Halfort’s monograph on the origin, course, and 
treatment of diseases of artists and tradesmen according to 
the latest developments in medicine, chemistry, mechanics 
and technology, adapted from the reports of famous indus- 
trial physicians at home and abroad and personal research 



printed a short monograph on Arlidge’s life and 
work entitled “The forgotten physician”. Arlidge 
(1892) acknowledged the high incidence in the past, 
but noted the widespread belief that the serious le- 
sions of the lungs associated with the calling of 
coal-getters belonged to past history or, at the most, 
were very uncommon. He attributed this situation 
to better ventilation, shorter hours of work, and 
greater attention to hygiene in the mines. With re- 
gard to prevention of chest diseases in the pottery 
industry of Staffordshire Arlidge (1892, p.312) 
praised the master potters for the introduction of 
ventilating fans but regretted that they had not been 
universally adopted, “the explanation of which fact 
is to be found in the absence in many factories of 
steam power to drive the fans.” 



work. Prophylactics against stone masons’ disease include 
prohibition of work done by minors, sprinkling of rock to be 
wrought, avoidance of dust inhalation and washing of nose 
and mouth with lukewarm water (p. 399) 



2.7 

Treatment of Hypoxaemia 
and Hypercapnia 

Brockmann (1844, p.533) recommended combat- 
ting hypercapnia with ferrous drugs. However, 
“chemical decarbonisation” proved less successful 
and problematic (Brockmann 1851, p. 144). Thus 
he proposed alkalisation by K 2 C0 3 and Na 2 C0 3 . He 
warned against pure oxygen for therapy (1844, 
p.532; 1851, p. 145), a strikingly modern position 
confirmed by the results of Zorn (1955), Zorn and 
Tophof (1956) and Drasche (1958). 

2.8 

Environmental Protection 

Environtology has its origin in Zarathustra (Zo- 
roaster 630-553 BC), who taught that water, air, 
and earth must not be polluted (Payandeh 1976). 

As Evelyn (1661) mentioned, there was a decree 
in the Dutch city of Harlem prohibiting the use of 
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coal. Biersteker (1968) picked up the relevant 
manuscript as declared by the town crier on August 
27, 1608, and preserved in the municipal archives of 
Harlem. The original text including a transcript was 
reproduced in Ned Tijdschr Geneeskd 112: 33-34. 

Ackermann (1783, pp. 137-138) pointed to the 
responsibility of the state in establishing chemical 
factories producing noxious vapours and inflam- 
mable materials endangering both health and prop- 
erty of adjacent residents. He quoted Ramazzini 
(1703, pp. 39-40) reporting on a lawsuit of a citizen 
of Finale ‘ a town in the duchy of Modena, who 
raised a claim against a merchant of Modena, who 
had a large (ingens) factory producing mercury 
chloride and vitriol vapours at Finale. The citizen 
asked that the factory be removed to a place outside 
the town or elsewhere in order to prevent damage 
to the neighbourhood. Although a certificate of the 
local physician (who attended to the citizen) and 
the death registry spoke in favour of the citizen, the 
judgement was in favour of the merchant, denying 
the detrimental nature of the vapours to the lungs. 
Ramazzini (l.c. p.40) found this injurious. 

Hebenstreit (1791, p. 88) recommended a prize 
donated by the Academie des Sciences and initiated 
by the French government as something worth em- 
ulating. 

A more recent historical example of the problem 
of how to handle industrialisation with regard to its 
ecological consequences was given by Wiesing 
(1989) in the story of the establishment of a glass 
factory in Bamberg. Anton Dorn (1802) warned of 
the emission of sulphur dioxide from the combus- 
tion of steam coal, its oxidation to sulphuric acid 
and precipitation from the air damaging the vegeta- 
tion. 

Beryllium compounds contained in some Cze- 
choslovak brown coal undergoing combustion in 
power stations polluted the environment, repre- 



senting a serious hygienic problem (Jirele 1967). 
Based on laboratory tests, procedures of leaching 
Be from the fly ashes by various agents with di-(2- 
ethylhexyl)phosphoric acid dissolved in petrol 
might exploit valuable substances from coal such as 
Be, Ge, and Ga. 

In a recent study, Benedetti et al. (2001) re- 
viewed the available epidemiological studies on 
cancer associated with residence in the neighbour- 
hood of industrial sites. Some authors reported sig- 
nificant associations between lung cancer risk and 
residential proximity to (a) smelters (Pershagen 
1985, Xu et al. 1991), (b) complex industrial areas 
(Shear et al. 1980, Barbone et al. 1995), and (c) 
other localised emission estimated from air and soil 
pollution data (Vena 1982, Brown et al. 1984, Jed- 
rychowski et al. 1990). 

2.9 

Contamination of the Soil 

Worldwide, it has been estimated that 40 % of ara- 
ble soils and perhaps as much as 70 % of land that 
can be cultivated are acidic enough to have an alu- 
minium toxicity problem (World Food Nutrition 
Study, 1977). 

In Uzbekistan in the arid plains with dusty soils, 
domestic animals, especially sheep showed pulmo- 
nary lesions consisting of perivascular and peri- 
bronchial nodular masses and a thickening of the 
alveolar walls (Matycebhh 1955). 

Contamination of the soil by fibrous minerals 
(anthophyllite, tremolite, sepiolite) is widespread, 
and evidence of pleural plaqueing in agricultural 
workers has been found in Turkey (Baris et al. 
1978, 1979), Greece (Bazas et al. 1981), Bulgaria 
(Zolov et al. 1967, Burilkov 1968, Burilkov and 
Babadjov 1970, Burilkov and Michailova 1972), 
Yugoslavia, Czechoslovakia, and Austria. 



CHAPTER 3 



Aetiopathogenesis of Pulmonary Fibrosis and Malignancy 



Johannes Baptista Morgagni (1761) in his trea- 
tise “De sedibus, et causis morborum per anatomen 
indagatis” (Fig. 38) gave morphologic pathology a 
scientific foundation. While Morgagni’s thesis of lo- 
calisation of disease was not an original discovery, 
his work far surpassed the similarly oriented inves- 
tigations of preceding centuries. His accurate obser- 
vations and precise records reveal him as a natural 
scientist in the tradition of Francis Bacon 
(1561-1626), who in his “Advancement of learning” 
(1605) had already pleaded for the performance of 
autopsies on the victims of illness. Bonetus 
(1629-1689) shared this opinion and the title of his 
“Sepulchretum” makes reference to the hidden 
causes revealed by the alterations of organs. Wep- 
fer (1620-1695) and his pupils were more circum- 
spect; their aim was the correlation of clinical 
symptoms only and anatomic lesions. 

In the field of pneumoconiosis research van 
Diemerbroeck (1672) recognised the penetration 
of dust into the lungs, and Zenker (1867) its intra- 
cellular deposition. 

Rudolf Virchow (1855, 1858) in his “Cellular- 
pathologie” localised pathogenic processes in the 
cells as the smallest viable entities*. The “biologic 
doctrine” established by Schleiden, Schwann, 
and Virchow according to Bargmann (1958) in- 
creasingly proves itself as a keystone of biology, 
when biochemistry entered the laboratories of 
modern cytochemistry. 

By means of molecular pathology and pharma- 
cogenetics, biochemistry invaded the core of patho- 
biology. Molecular anatomy as envisaged by An- 
derson and Anderson (1979) on the occasion of 
the 75th anniversary of the Behringwerke, “must 
clearly be an interdisciplinary one, borrowing tech- 
niques from biochemistry, biophysics, nuclear 
physics, chemistry, engineering, and mathematics, 
while retaining the essential viewpoints of anatomy, 
including the notion of completeness.” 

* According to Buchner (1955) historic fairness requires ref- 
erence to the English anatomist John Godsir who in 1843 
had outlined a cellular pathology as Virchow (1852) em- 
phasised. 



Samuel Thomas [von] Soemmering 
(1755-1830), professor of anatomy at the university 
of Mainz from 1784 to 1797 and Royal Bavarian 
Privy Aulic Councillor (Fig. 41), agreed with Franz 
Daniel Reisseisen of Strasbourg (1808) that the 
black matter found in the bronchial glands was 
transported by the lymphatic vessels* from the 
lungs, but he did not concur in the latter’s opinion 
regarding the origin. On the contrary, he remarked, 
“all anatomists are sufficiently aware that the bron- 

* From Sheldon (1752-1808) at Oxford and Monro 
(1733-1817) at Edinburgh Soemmering acquired the tech- 
nique of injecting lymph vessels and became the first to in- 
troduce this technique in Germany. 
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que per venam pulmonarem ad cordis finidtum ventriculum 
promptius dcfluerer. 

Alin* in Prjrtcr autopfiam, pulmonis fubdantiam totam veficulofameflc, 
fnlmiui j occt c[iam rat j 0 ; na m multoties fputa rotunda , ctalla , 8c fatida , 
vom j CIj folliculi, vermes ( fic ante paucos annos vermem vivum , 
magnitudine 8c forma bombycem majufculum referentem, fed fub- 
rubrum, cum valida tulfi a inuliere quadam excuflum , vidimus) 
calculi , aliique res prater naturam in pulmonibus gignuntur , ut 
obfervationum (ciiptores exemplis teftantur. 8c nos quoque multo- 
ties in praxi vidimus , 8c cum tulG reje&as, 8c pod mortem in pul- 
mone reperas: qua certe non in valis fanguiferis, necetiamin 
bronchiis ( fufFocationem enim, adhma violentum , perpetuamque 
tulliminduxillent) fed neceflarioin hifceveficulisgigni, aclongo 
tempore coiuineri debuerunt 8c potucmnt. 

O'jfcrva- Anno 1849. in nodro nofocomio diflccui famulum lapicid*, 
n*. adhmate mortuum , in cujus pulmone maximam pulveris lapidum 
copiam, infpiratione cum acre attraciam^rque veiiculas fore omncs 
infarcicntem j inveni , ita ut in difledtione pulmonis ( qui admodum 
duruserat) cultromeo quad per acervum arena , aut per corpus 
aliquod arenofum Icinderem , quo pulvere repleta veficula aetem 
infpiratum admittcre non potuerant, atque fic zgcr adhmate ex- 
tindtus fuerat. Sequentianno adhuc duo fimiles cafus lapictdarum 
fiinili modo interemptorum , eodem in nofocomio a nobis vifi 8C 
demondrati funt. Tunc temporis retulit nobis horum famulorum 
magider lapicida, quod, dum lapides inciduntur, tarn fubtilis pulvis 
ex ns alfurgat in aetem, qui poros vefica bubula inflata 8c ficca , in 
oEcina pendentis , penetiare poliit , ita ut circa fincm anni ad mini- 
mum hujus pulveris manipulus unus in interiore capacitate vefica 
inveniretur, atque ilium cite qui tarn multos lapicidas, quifibiab 
ido pulvere non fatis dibgenter cavcnt, pramatura morie interi- 
mat. Si tabs tamquc copiofus lapidum pulvis in pulmonis vcficu- 
las inlpiratione penetrct , minimc dubitandumedaeremininlpira- 
- done illas ornnes permcare. Vidimus etiamabumlongo adhmate 
tandem extindbum , qui plumas illas , quibus ledbi inlarciuntur , cx- 
purgare, feu a detritis iordibus emundare folebat, cui pulmonis vefi- 
cula a teuui plumarum pulvere penituserant infarcta. 

MnnSra- Didba vcficuloia fubdantiacxirinlecusinvcditurmcmbrana tcnui 
** . acporola, quam a pleura diiivatam plenque Medici tradunt: at 



Fig. 39. Frontispiece of van Diemerbroeck’s “Anatome corporis humani”. The first necropsy of a stone-mason is on p. 510 of 
the first edition of 1672 




Fig. 40. Portrait of Friedrich Albert [von] Zenker, 
owned hy the Department of Pathology, University of Erlan- 
gen. (Courtesy of Prof. Dr. T. Kirchner, present holder of the 
professorate) 




Fig. 41. Portrait of Samuel Thomas [von] Soemmering 
owned hy the Department of Anatomy, University of Mayence 





Aetiopathogenesis of Pulmonary Fibrosis and Malignancy 



39 



chial glands are filled by a black matter, true pine- 
soot, particularly among the common people who 
burn bad tallow coarse oil, which matter can find its 
way into the bronchial glands only through the air 
passages.” 

Morton (1689) was the first author, as Thom- 
son (1838, p.346) stated, who attributed the pro- 
duction of black sputa to the bronchial glands. 

Antoine Portal, who became professor in 1770 
and worked at the Museum National d’Histoire Na- 
turelle in Paris from 1793-1832 (see Cordier 1955, 
p. 72), stated in 1780 that he had seen black- 
streaked sputa in healthy as well as tuberculous per- 
sons. He believed that this black matter could be di- 
vided into three varieties: one arising from the in- 
halation of carbonaceous matter; a second derived 
from extravasated blood; and the third variety be- 
ing scratched from the bronchial glands. 

In town dwellers or in residents of places of great 
consumption of coal, Pearson (1813) examined the 
bronchial lymphatic glands and the black spots of 
the lungs and found the black pigment resistant to 
lye of KOH, HC1, HN0 3 . He thought it “highly rea- 
sonable to suppose, that the particles of charcoal 
should be retained in the minutest ramifications of 
the air tubes, or even in the air vesicles, under vari- 
ous circumstances, to produce the coloured appear- 
ance on the surface, and in the substances of the 
lungs” (l.c. p. 165). 

Bichat (1771-1802) believed that the black pig- 
mentation was due to small glands projecting into 
the bronchi, and appearing under the surface of the 
pleura. Among the six kinds of pulmonary con- 
sumption described by Bayle (1810) in his «Re- 
cherches sur la phtisie pulmonaire» the black mat- 
ter found in the lungs was regarded as a morbid 
product produced by the body. Chomel (1817) ob- 
served that the sputa of persons who had spent a 
considerable time in an atmosphere loaded with the 
vapours of oil or of tallow frequently exhibited 
black streaks. Maurice (1862), who had been a 
mine physician in the St.-Etienne district for more 
than 20 years, reported in a «Note sur la maladie ou 
l’etat noir des poumons des charbonniers» a case of 
black lungs in a miner. At autopsy the lungs were 
found intensively black, and on being sectioned an 
inky fluid was expressed from the tissues. The cut 
surface presented a grey and black marbled appear- 
ance. Almost all the black spots appeared to have a 
small, indurated point, about the size of a pinhead, 
at their centres where the pigmentation was deep- 
est. Chemical analysis of the black pigment washed 
out of the lungs led to the conclusion that it was 
coal. Since it was not a true melanosis, Maurice 
proposed the term melanidie (jiekag = black; si- 
Sog = appearance). 



Gabriel Andral (1797-1876), professor of pa- 
thology and therapy in Paris, took the position in 
his «Cours de pathologie interne» (1836) that in 
most cases in which an organ is at the same time in- 
durated and coloured black, the induration is, in 
fact, independent of the black colour and is the sim- 
ple result of chronic inflammation. 

Henle (1841) was uncertain whether the black 
spots were organised formations or mere deposits 
of inhaled coal dust, and preferred the former view. 
Even less understandable is Rudolf Virchow’s 
statement (1847, p.466) that the pulmonary pig- 
ment will become black and not remain brown or 
yellow. It would be wrong to consider the influence 
of respiration on melanogenesis as the pigments of 
the costal pleura and the bronchial lymph nodes as 
well as those of other parts of the body are not re- 
lated to respiration. 

Pathologic pigmentation was induced, as Vir- 
chow (l.c. p.379) stated, by stained lipids, bile pig- 
ment, and haematochrome. Here humoralism (Ro- 
kitansky 1846) and cellular pathology (Virchow 
1858) clashed. Rokitansky’s misfortune was, as 
Holzner (1978) in a historic retrospective on pa- 
thology in Vienna remarked, his desire to complete 
a system oriented to pure morphology by means of 
a chemistry not yet ready for the questions under 
consideration and ultimately only able to produce 
unsatisfactory hypotheses. 



T 




Fig. 42. Bust of Fr. Gust. Jacob Henle, created in 1882 by 
F[erd] Hartzer, property of the Department of Anatomy, Uni- 
versity of Heidelberg 
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Fig. 43. Portrait of Charles baron Rokitansky decorating a 
medal created by A. Scharff, awarded to the participants of 
the 62nd meeting of the Deutsche Gesellschaft fur Pathologie, 
Vienna, May 16-20, 1978 



In his II th lecture (March 27, 1858) Virchow 
started with malaria pigmentation. Citing Tigri’s 
“milza nera”,. Virchow declared that his cellular 
pathology had been established on the basis of ex- 
perience, but with the help of speculative thinking 
and to establish a speculative notion (Altmann 
1992, p.LXIII). Indeed, he had not any material in 
pneumoconiosis, neither human nor experimental. 
When Traube* (1860) demonstrated square and 
hooked black particles in the spit and later in the 
pulmonary tissue of a 54-year-old charcoal trimmer 
who had inhaled this type of dust for 12 years, there 
was no longer any doubt about the penetration of 
fine carbon particles into the respiratory apparatus. 
There was not any trace of newly formed connec- 
tive tissue. Lewin (1862) made rabbits inhale pow- 
dered charcoal and found the dust particles in their 
alveoli. Powdered charcoal admixed to the food was 
resorbed and transferred to the mesenteric lymph 
nodes. 

For Kussmaul** (1867) there seemed to be no 
doubt that the 3 % sand found in the ashes of the 
bronchial glands of two individuals with 4.2 and 
9.5 % sand in lung ashes, respectively, were carried 
there from the lungs by the lymph channels. 

Natalis Guillot (1845) and Jean Cruveil- 
hier (1791-1874), who held the anatomy chair in 
Paris for 10 years and before assuming the chair for 
pathology (see Cordier 1955, p. 76), occupied 



* Ludwig Traube (1818-1876) in 1853 came to the Charite 
Hospital in Berlin. 

** Adolf Kussmaul (1822-1902), lecturer in Heidelberg, 
Prof, in Erlangen, Freiburg, and Strasbourg 



themselves with the problems of pulmonary pig- 
mentation. 

While Guillot’s investigations were not directly 
concerned with miners, they are important in this 
connection for they were a significant contribution 
to the histopathology of black lungs similar to those 
found in coal miners. Charles Robin (1821-1885), 
who in 1862 obtained - 60 years after Bichat’s 
death - the first professorate of histology (see Cor- 
dier 1955, p. 81), expressed his conviction that the 
black miners’ lungs were due to the inhalation of 
coal dust. Bergeron (1859) supported this view by 
demonstrating the infiltration of the lungs of a cop- 
per miller with carbonaceous matter, which was cer- 
tified by chemical analysis. In 1854, Dr. Tardieu of 
the hospital la Riboisiere had appealed to the public 
heath specialist and to medicine to pay attention to 
this serious form of chronic bronchitis due to an in- 
sidious and progressive deposition of coal dust 
within the lungs. This is the miners’ disease long de- 
scribed in England under the name of anthracosis. 

One cellular mechanism involved in the process 
of the translocation of particles to the regional 
lymph nodes is the endocytosis and transcellular 
transport of particles from the alveoli to the inter- 
stitial space by type I pneumocytes (Gieseking 
1958, Adamson and Bowden 1978, 1981). Once the 
particles reach the pulmonary interstitium they can 
apparently gain entrance to the peripheral lym- 
phatic channels and subsequently pass to the tra- 
cheobronchial lymph nodes as free particles (Ferin 
and Feldstein 1978). On the other hand, some of 
the particles that enter the interstitial space may be 
engulfed by interstitial macrophages (Sorokin and 
Brain 1975). According to Casarett (1964) these 
cells may then migrate into the alveoli or enter lym- 
phatic vessels where they serve as vehicles for 
transporting the particles to the lymph nodes. 

The term “silicosis” was coined by Visconti, 
who first entered this word into the list of necrop- 
sies established at the Institute of Pathological 
Anatomy, Milan (Fig. 44). 

Physico-chemical interactions of the different 
Si0 2 modifications and silicates, respectively, with 
arginine (Stober 1966) other amino acids (Dale 
and King 1953), and proteins (Dale and King 
1953, Holt and Bowcott 1954, Scheel et al. 1954, 
Willy 1954, Scheel 1955, Ruttner and Isler 
1956, Licht 1957, 1960, McFee and Tye 1964, 1965, 
Stober 1966, Antweiler and Djie 1971, Sakabe 
etal. 1971, Jones et al. 1972, Ishiyama et al. 1974, 
Valerio et al. 1986, 1987, Donaldson et al. 1995) 
marked the beginning of a molecular understand- 
ing of pathogenicity. 

An increase in protein-bound silica was found in 
the blood plasma (trichloroacetic acid precipitate) 
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Fig. 44. Two-page record by Visconti using the term “silicosis” ( underlined ) 



of rats instilled intratracheally with 50 mg of slate- 
dust (Singh et al. 1985). 

Sub-microscopic glass particles (most frequent 
diameter <0.1 pm) suspended in an electrolyte so- 
lution were capable of acting on developing syn- 
thetic lipid membranes or pre-formed bilayer lipid 
membranes by achieving contact with the surface of 
such membranes and finally entering them (Majer 
1971). Rat erythrocytes pre-treated with lipophilic 
ethyl-3, 5, 6-tri-O-benzyl d-glucofuranoside emulsi- 
fied in isotonic phosphate buffer were protected 
from haemolysis by glass particles in a dose-related 
manner (Majer 1975). 

The adsorption of linoleic acid onto silica gel 
from petroleum ether solution conformed to a 
Langmuir isotherm, consistent with the formation 
of a monolayer (Porter et al. 1972). Confirming 
the finding of Honn et al. (1951) with soybean oil, 
it was found that the most rapid uptake of oxygen 
occurred at a linoleic acid-silica ratio close to that 
for the monolayer. Without included antioxidant, 
oxidation commenced at a nearly linear rate with- 
out observable induction period. Time for con- 
sumption of one-half mole of oxygen per mole of 
linoleic acid was ca. 60 min on acid-washed silica. If 
very small amounts of a-tocopherol were included 
in the layer, virtually no oxygen uptake measurable 
in this system occurred during the induction pe- 



riod, the length of which was approximately pro- 
portional to tocopherol content. The inflection 
point at the commencement of rapid oxidation was 
very sharp; the ensuing oxidation rate approxi- 
mated that of the unprotected acid. The induction 
period of linoleic acid with the same tocopherol 
content was as much as 100 % longer when exposed 
in monolayer than in a bulk form. However, the rate 
after commencement of rapid oxidation was 8-10 
times greater in the monolayer. Acid washing of the 
silica reduced its iron content by 75 %. Acid wash- 
ing also reduced by 60 % the rate of autoxidation 
without a-tocopherol and increased the length of 
the induction period four-fold when a-tocopherol 
was present. The effect of pre-treatment of the silica 
by adsorption of the acid synergists, ascorbic, phos- 
phoric, citric and ethylenediamine tetraacetic acid 
was qualitatively similar to the effect of acid wash- 
ing. 

Hydrophilicity or hydrophobicity of the surface 
determines cell-surface adherence and the propen- 
sity for membranolysis. The great influence of sur- 
face properties was particularly demonstrated by 
the unusually high transport rates of polyvinyl- 
pyridine-N-oxide-coated Si0 2 particles from the 
peritoneal cavity of rats to the lymph nodes com- 
pared with the same dusts uncoated (Strecker 
1967). After subcutaneous injection, however, clear- 
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Table 4. Cytotoxicity of quartz particles with contaminated 
surfaces established by the reduction of triphenyl tetrazolium 
chloride (TTC) (from Robock and Klosterkotter 1975) 





TTC-RA 120 


Quartz content 




[% of control] 


[%] 


Quartz + Ti 


32 


89.8 


Quartz + Mn 


27 


88.0 


Quartz + Fe 


49 


87.0 



ance was retarded, demonstrating, that cellular re- 
action, not coating of the particles, was the effect of 
the polymer. 

Using the reaction of nitroblue tetrazolium (for- 
mula [18]) to a diformazan precipitate, Cilento 
and Georgellis (1991) observed a time delay and 
suppression of 0 2 ‘- release in the ability of dipalmi- 
toyl lecithin-coated quartz dust (250 tig/ ml), 
whether fresh or stale (i.e. aged at least 15 days 
prior to use), to stimulate adherent rat pulmonary 
alveolar macrophage cultures. 

As a result of his investigations on the solid state 
of silicogenic dusts performed with Robock, Klos- 
terkotter (1967) put forward the idea of an elec- 
tron transfer. According to their content of the 
transition metals, Ti, Mn, and Fe dusts containing 
nearly the same percentage of quartz showed vary- 
ing cytotoxicity to guinea pig peritoneal macro- 
phages after incubation for 120 min, as tested with 
2,3,5-triphenyl tetrazolium chloride (Table 4). 

Chemiluminescence initiated 40 s after the ap- 
proach of the quartz particle and the cell plainly 
shows an electron transfer as a primary reaction. 
Munder and Modolell (1987) increased the sen- 
sitivity of the method by a previous stimulation of 
the macrophages with zymosan inducing an oxygen 
burst. 



Based on research in recent years, the historical 
concept of inert and fibrogenic particles was aban- 
doned. It seems that particles even at surprisingly 
low concentrations may have negative health effects 
and that ultrafine particles have higher than ex- 
pected toxicity when compared to similar particles 
of a larger size (Ferin 1994). The hypothesis that 
ultrafine particles are causally involved in adverse 
responses seen in sensitive humans is based on sev- 
eral studies summarised in a brief review by 
Oberdorster (2001). 

Naturally occurring and synthetic fibres with 
certain physico-chemical characteristics have the 
potential to induce lung fibrosis and lung, pleural 
and peritoneal tumours (Bignon et al. 1995). 
Erionite from Oregon (USA) produced mesothelio- 
mas following inhalation of 10 mg/m 3 for 
12 months in 27 of 28 rats (Wagner et al. 1985). 
The tumours occurred between 385 and 800 days, 
on an average of 580 days. Total surface area of fi- 
bres achieving long-term pulmonary retention pro- 
duced virtual equality in the concentrations (Timb- 
rell 1984). A similar result was obtained from a 
comparison of the Cape with the Finnish antho- 
phyllite mine at Paakkila. This agreement, obtained 
without invoking the differences in fibre type, sug- 
gested that the dominant factor in asbestosis is fibre 
size through its influence on respirability and reten- 
tion. Kamp et al. (1992) explored the evidence sup- 
porting the hypothesis that free radicals and other 
reactive oxygen species are an important mecha- 
nism by which asbestos mediates tissue damage. 
Unlike the characteristic progressive nature of 
silica-related lesions, all respirable-sized carbon 
fibre-induced inflammatory effects were reversible 
within 10 days after exposure and any significant 
histopathologic effects were observed at any time 
post-exposure (Warheit et al. 1994). 
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Formulation of the Problems 



4.1 

Tumour Defence 

The concept of immunological surveillance against 
cancer is based on the postulate of Paul Ehrlich 
(1909) that tumour cells arise with enormous fre- 
quency, and that they are normally eliminated by 
immune mechanisms. Burnet (1970) has restated 
it in modern terms. One of the arguments of immu- 
nologic surveillance is the infiltration of primary 
tumours by lymphocytes and macrophages. In hu- 
man carcinomas, an impairment of unspecific cel- 
lular defence, represented chiefly by the macro- 
phage system, seems to play an important role as 
shown by Kohout (1972) using the skin window 
test of Rebuck and Crowley (1955). In the mouse , 
endotoxin-mediated necrosis and regression of es- 
tablished tumours may be mediated by the tumour 
necrosis factor (TNF) probably released by acti- 
vated macrophages (MacPherson and North 
1986). 

Bugelski et al. (1983) identified intratumoral 
macrophages by their capacity to ingest colloidal 
iron particles from the interstitial fluid. Since col- 
loidal iron is retained in a stable form within these 
cells for a considerable time, new macrophages that 
emigrate into the tissue after injection of the colloi- 
dal iron are identified by their ability to ingest a 
second colloid (lanthanum), which can be reliably 
distinguished from the initial iron label. Pre- 
existing (colloidal iron label) and newly recruited 
macrophages (lanthanum label) were identified in 
serial sections by histochemical methods using 
H 2 0 2 oxidation to detect iron (blue reaction prod- 
uct) and cleavage of phosphate esters to demon- 
strate lanthanum (magenta reaction product). The 
macrophage content and macrophage recruitment 
were found substantially in individual metastases 
within the same host. Bugelski et al. (1985) dem- 
onstrated an inverse correlation between size of 
metastases with macrophage content in the B16 mu- 
rine melanoma. The failure of non-specific immu- 
notherapy may be related to the low macrophage 
density in metastases larger than 1000 cells. Al- 



though a strong host response has been associated 
with a better prognosis for certain human tumours 
(Fisher et al. 1975, Wood and Gallahon 1977), 
the mere presence of large numbers of macro- 
phages in a tumour is not necessarily indicative of a 
meaningful host response (Fidler and Poste 
1982). 

A major challenge is to determine how immuno- 
potentiators work, and much interest has been fo- 
cused on the macrophage as the key cell that medi- 
ates their effects (Meltzer et al. 1979, 1982; Oet- 
tgen 1979, p.103; Chirigos et al. 1980; Di Luzio 
1981; Meltzer 1981; Sone etal. 1982; Lavelle 
1983; Kopper and Lapis 1985; Nakata et al. 1985; 
Someya 1986). Activated macrophages have been 
found to inhibit and kill cancer cells in tissue cul- 
ture under conditions when normal cells are not 
harmed. Macrophages have also been considered as 
a possible source of the tumour necrosis factor 
(TNF), found by Carswell etal. (1975), Green 
etal. (1977), Clark etal. (1981)), and Ha etal. 
(1983, 1985) in the serum of mice primed with BCG, 
Corynebacterium parvum, Plasmodium vinckei 
subsp. petteri, Mycobacterium lepraemurium, or 
Listeria monocytogenes and subsequently injected 
with bacterial endotoxin. After Beutler et al. 
(1985) the TNF is identical with cachetin secreted 
by macrophages. Binding of calmodulin to the mi- 
crofilament network correlates with induction of a 
macrophage tumoricidal response (Mecham et al. 
1985). 

The cytotoxicity of activated macrophages de- 
pends of the presence of L-arginine biotransformed 
to L-citrulline and N0 2 ' (Hibbs et al. 1987). N G - 
monomethyl-L-arginine prevented the synthesis of 
both these products as well as the expression of cy- 
totoxicity. 

‘NO was the most likely inorganic nitrogen oxide 
intermediate in the pathway of N0 2 " to N0 3 “ syn- 
thesis in macrophages. Marletta etal. (1988), 
Hibbs etal. (1988), and Stuehr etal. (1989) dem- 
onstrated that NO synthesised from L-arginine was 
indeed the precursor of N0 2 “ and N0 3 " in these 
cells. 3-Morpholinosydnonimine spontaneously re- 
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leased ‘NO (Feelisch and Noack 1987). Fulle 
et al. (1991) used the substance as a tool in the 
search for specific cellular functions that may be 
regulated by ‘NO. > 10 pM 3-Morpholinosydnoni- 
mine reduced the lipopolysaccharide-induced syn- 
thesis of IL- 1 (3, and to a minor degree of TNFa, and 
markedly elevated cGMP levels in freshly isolated 
human blood mononuclear cells (Fulle et al. 
1991). The release of 0 2 ‘" (Feelisch etal. 1989) 
may also contribute to the suppression of monokine 
production. 

4.2 

Aetiopathogenesis of Silicosis 

According to Giese (1951) toxicity and fibroblastic 
activity of mineral dusts are contrary: quartz (s.g. 
2.6 ±0.1), the fibroblastic activity of which is well 
known, is not toxic, whilst extremely fine amor- 
phous silica (s.g. 2.0) demonstrates a high toxicity 
(King 1947, Jotten and Klosterkotter 1952, 
Klosterkotter 1952, Schiller 1952, 1955) but 
produces no fibrosis (King 1947, Schiller 1955), 
or only a fine network of reticulin more resembling 
that in Boeck’s sarcoid or beryllium lungs (Jotten 
and Klosterkotter 1952). Coesite (s.g. 3.01), a 
high-pressure Si0 2 , is little fibrogenic (Charbon- 
nier etal. 1965, Strecker 1965). Stober (1967) 
therefore substituted the specific gravity for the en- 
thalpy as a parameter of fibrogenicity. 

Increased solubility of quartz has been observed 
particularly in soils rich in organic material; how- 
ever, no direct link between organic carbon and 
dissolved silica has been identified (Chesworth 
and Macias-Vasquez 1985). Bennett and Siegel 
(1987) presented evidence for an increase in the sol- 
ubility of quartz in a natural water brought about 
by dissolved organic compounds. These com- 
pounds were produced by the biodegradation of pe- 
troleum, and consist largely of a complex mixture 
of organic acids. Bennett and Siegel proposed 
that silica is being complexed and mobilised by 
these organic acids in waters having close to neutral 
pH. 

There is a great discrepancy between the amount 
of Si0 2 introduced into the body, when quartz of a 
particle size of 2 pm is introduced, or when a toler- 
able dose of extremely fine amorphous Si0 2 is 
given. Ray etal. (1951) showed the variety of the 
histological appearance of silicotic nodules pro- 
duced in the lungs of rats after intratracheal injec- 
tion of 2 mg, 5 mg, 10 mg, 30 mg, and 75 mg of 
quartz, respectively. 2 mg of quartz did not produce 
any lesions within the lungs, and a dose of 5 mg re- 
vealed but a loose network of fine reticulin fibrils 
without any collagen, resembling the picture de- 



scribed by Jotten and Klosterkotter (1952). 
The differences regarding fibrosis after intratra- 
cheal injection (King 1947) and inhalation (Jotten 
and Klosterkotter 1952) of the two sorts of silica 
dust thus seem to be due to the doses used, particu- 
larly as a high percentage of very fine dust is ex- 
haled again (van Wijk and Patterson 1940) and 
the extremely fine silica retained is also removed 
from the lungs very quickly (King 1947, Klos- 
terkotter 1967). 

The dust breathed by miners is partly fresh and 
partly old (King 1945). Operations such as shot- 
firing, drilling, shovelling, etc., disturb the deposity 
of dust from floor, walls, rafters, etc., as well as pro- 
ducing new dust. However, there was no evidence 
for either a greater solubility or a greater pathoge- 
nicity in the freshly formed dusts from South Wales 
rocks. In vitro, freshly fractured quartz caused 
greater peroxidation of membrane lipids, greater 
membrane leakage, and a greater decrease in cell 
viability than aged quartz. Freshly fractured quartz 
is also a more potent stimulant of reactive species 
production by alveolar macrophages in vitro (Val- 
lyathan etal. 1988, Castranova etal. 1996). In 
comparison to aged quartz, inhalation of freshly 
milled quartz resulted in a significantly enhanced 
cytotoxicity (lipid peroxidation of lung tissue and 
lavage levels of red blood corpuscles, protein, and 
lysosomal enzymes) and elevated inflammation (la- 
vageable neutrophils, generation of oxidant species 
from alveolar macrophages, and histological scor- 
ing of lung infiltrates) (Vallyathan etal. 1995, 
Castranova et al. 1996). Evidence suggests that a 
direct relationship exists between HO‘ generation 
and cytotoxicity, as the production of both H0‘- 
and quartz-induced biological reactions decrease in 
a similar fashion with time after fracturing (Vally- 
athan et al. 1988, Castranova et al. 1996). In vivo 
exposure of rats to aged a-quartz potentiated the 
production of oxidants by alveolar macrophages in 
response to the in vitro addition of zymosan parti- 
cles, that is, zymosan-stimulated chemilumines- 
cence was significantly elevated in alveolar macro- 
phages harvested after inhalation of aged silica 
(Castranova et al. 1996). In contrast, resting 
chemiluminescence (without zymosan) was not 
substantially altered by inhalation of quartz. This 
indicated that pulmonary phagocytes exposed to 
silica in vivo are primed to produce greater quanti- 
ties of oxidants upon subsequent contact with par- 
ticles. Inhalation of aged quartz caused significant 
induction of nitric oxide synthase (i.e., increasing 
V-nitro-L-arginine methyl ester-inhibitable chemi- 
luminescence well above the control level). As with 
total zymosan-stimulated chemiluminescence, 
nitric oxide synthase-dependent chemilumines- 
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cence was significantly greater after exposure to 
freshly milled quartz compared with aged quartz. 

Homolytic fission of = Si— 0— Si= bonds is pro- 
duced by crushing silica in the mining and other in- 
dustries (Fripiat et al. 1971). Si0‘ radicals may re- 
act with water molecules to form HO' radicals. 
Measurement of surface radicals by electron spin 
resonance spectroscopy indicated that freshly mil- 
led quartz particles exhibited 54% more silicon- 
based free radicals than milled quartz that was aged 
for 2 months prior to aerisolization into the expo- 
sure chamber (Castranova et al. 1996). 



Radical formation by crashing silica 
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The relations of the various forms of chemisorbed 
oxygen on the surface of freshly ground quartz were 
studied with the emission of singlet oxygen, 1 A g 0 2 
(Zav’yalov et al. 1985). The emission of singlet ox- 
ygen proceeds in a process of irreversible loss of 
centres of chemisorbed oxygen in the form of 0 2 "~. 

Hydroxyl groups bonded to silicon to form ei- 
ther monomeric silicic acid or silica (quartz) sur- 
faces are only weakly acid (Thomas 1951, Hof- 
mann 1962). The silanol groups at the surface of 
quartz can be detected by ionic binding of rhoda- 
mine from aqueous solutions (Stober 1955). Chlo- 
rosilanes, known for their high affinity to silanol 
groups form siloxane bonds on both quartz and Ae- 
rosil® (Stober 1956). A direct observation of sila- 
nol groups and their different bonds on silica sur- 
faces can be achieved by infrared absorption meas- 
urements in the spectral range near 2.7 pm. The 
results of the studies of Kriegseis et al. (1977) em- 
phasise the significance of silanol groups and ad- 
sorption properties in relation to the fibrogenic ac- 
tivity of quartz dusts. 

Due to the presence of surface hydroxyl groups, 
tissue culture polystyrene (TCPS) behaves better in 
term of its cellular responses than expected on the 
basis of its wettability (Van Wachem et al. 1985, 
Davies 1988). TCPS is a variant of regular polysty- 
rene, assumed to be made by H 2 S0 4 oxidation 
(Curtis et al. 1983, Bentley and Klebe 1985) or 
glow discharge treatment (Amstein and Hartman 
1975, Ertel et al. 1990) of regular polystyrene to 
create a high concentration of hydroxyl groups. 

On the other hand, trimethylsilyl aerosil, though 
unwettable by water is well phygocytosed 
(Strecker 1956). But it is just a matter of time un- 



til the surface trimethylsilyl groups will be removed 
and pathogenic reactions will start. 

As a result of his investigations on the solid state 
of silicogenic dusts performed with Robock, Klos- 
terkotter (1967) put forward the idea of an elec- 
tron transfer. The luminescence induced by activat- 
ing DQ12 quartz and 39 coal mine dust samples 
suspended in Tyrode’s solution showed varying in- 
tensities in the range of 200 nm to 500 nm and 20 °C 
to 50 °C as a manifestation of their electron struc- 
tures (Robock and Klosterkotter 1971). How- 
ever, no direct correlation is possible between the 
low-temperature luminescence and electron spin 
resonance (Kriegseis et al. 1977). Kriegseis et al. 
(1979) stated: “The pathogenic nature of Si0 2 dusts 
is determined exclusively by electron orbitals of the 
outermost atomic layers. Chemical impurities and 
structural imperfections within the Si0 2 grain vol- 
ume do not exert any influence.” 

Quartz, coal, and asbestos dusts, like ionising ra- 
diation, paraquat, and bleomycin induce pulmo- 
nary fibroses by radical reactions. Dioxygen reduc- 
tion in both biotic (e.g. phagocytosis) and abiotic 
systems (e.g. radiolysis) induces 0 2 ’“. 0 2 ’“ can exert 
deleterious effects directly or by engendering more 
potent oxidants, such as protonation, by reaction 
with vanadate or manganous salts, or by a metal 
salt-catalysed interaction with H 2 0 2 . 0 2 *“ is capable 
to initiate and propagate free-radical chain reaction 
and of damaging cell components. Membranes can 
be destroyed by peroxidation of their lipids, and 
chromosome strand breaks can be induced. In 
vitro, a-quartz induced hydroxyl radical genera- 
tion, thymine glycol production and DNA strand 
breakage (Daniel et al. 1995). 

High iron contamination of quartz produced ap- 
proximately 57 % more reactive species in water 
than quartz with low Fe contamination (Castra- 
nova et al. 1997). Compared to inhalation of quartz 
with low Fe contamination, high Fe contamination 
of quartz resulted in increases in the following re- 
sponses: leucocyte recruitment (537%), laveable 
red blood corpuscles (157%), macrophage produc- 
tion of oxygen radicals measured by electron spin 
resonance or chemiluminescence (32 or 90 %, re- 
spectively), nitric oxide production by macro- 
phages (71 %), and lipid peroxidation of lung tissue 
(38 %). 

Different electron structure of two quartz dust 
samples taken from the same locality and indis- 
cernible by mineralogical methods, were attribut- 
able to the incorporation of aluminium ions into 
the Si0 4 lattice (Beck et al. 1973). They also differed 
in their toxicities to macrophages studied with tri- 
phenyltetrazolium chloride and in the pulmonary 
hydroxyproline and phospholipid contents 4 to 12 
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weeks after intratracheal application to rats. Excita- 
tion by 2.8 x 10 4 r revealed significantly different 
activation energies of their electron traps. Surface 
aluminosilicate contamination or occlusion of 
respirable-sized high-silica particles could be de- 
tected by the multiple-voltage scanning electron 
microscopy-energy dispersive X-ray analysis (Wal- 
lace et al. 1994). 

While Ray et al. (1951) did not find any inhibi- 
tory effect on the action of quartz by anthracite and 
coal mine dusts mixed with quartz when intro- 
duced by intratracheal instillation in the lungs of 
rats, Rehn et al. (1995) raised the question whether 
the formation of reactive oxygen species by macro- 
phages engulfing coal mine dust containing free sil- 
ica could be depressed by the coal part. 

The involvement of reactive oxygen intermedi- 
ates in nuclear factor-xB activation has been dem- 
onstrated in studies where antioxidants such as 
pyrrolidine dithiocarbamate and W-acetyl-L- 
cysteine prevented the degradation of its inhibitor, 
I-xB and NF-xB nuclear translocation (Schreck 
et al. 1992, Meyer et al. 1993, Schenk et al. 1994). 
I-xB kinase is an oxidative stress-activated kinase 
(Flohe et al. 1997) and it has been shown that spe- 
cific regulation of NF-xB activity is via modulation 
of I-xB phosphorylation in the cytoplasm, which is 
in turn governed by the redox pathways (Jin et al. 
1997, Kretz-Remy et al. 1998). Depletion of the in- 
tracellular antioxidant GSH often accompanies in- 
creased levels of inflammatory mediators in lung 
diseases (Rahman and MacNee 1998). Activation 
of NF-xB has been demonstrated after quartz 
(Driscoll et al. 1997), asbestos (Mossman et al. 
1997, Driscoll et al. 1998) and ceramic fibres 
(Gilmour et al. 1997). Krejsa and Schieven 
(1997) reviewed the contribution of oxidative stress 
to the effects of phosphotyrosine phosphatase inhi- 
bition by vanadium-based compounds in lympho- 
cytes. Although the inactivation of phosphotyro- 
sine phosphatases can lead to nuclear factor-xB 
mobilization in the presence of antioxidants, the 
other effects noted appear to require a threshold of 
intracellular oxidation. The combined effects of oxi- 
dative stress on signal transduction cascades reflect 
a synergy between the initiation of signals by phos- 
photyrosine phosphatases and the loss of control by 
phosphotyrosine phosphatases. This suggests a 
mechanism by which environmental agents that 
cause oxidative stress may alter the course of cellu- 
lar responses through induction or enhancement of 
signalling cascades leading to functional changes or 
cell death. 

Both drugs that inhibit oxygen metabolite pro- 
duction by neutrophils and alveolar macrophages 
(e.g. pentoxifylline) and radical scavengers (e.g. 



poly-2-vinylpyridine-N-oxide) might suppress both 
acute and chronic phagocyte-dependent inflamma- 
tory reactions. Calcium channel blockers (e.g. ve- 
rapamil, diltiazem, nisoldipin) inhibit 0 2 *~ forma- 
tion by human neutrophil granulocytes stimulated 
by phorbol-myristate-acetate, and so do tetrand- 
rine and cepharanthine. 

The formation of singlet oxygen ( l 0 2 ) in systems 
known to produce 0 2 *~ has been manifested by pho- 
toemission upon decay of ! 0 2 to the ground state. 
Phagocytosis of DQ12 quartz and inert Ti0 2 parti- 
cles by bone marrow derived macrophages induced 
different periods and intensities of luminescence 
demonstrating the formation and degradation of 
oxygen radicals (Munder and Modolell 1987). 

Electron spin resonance proposed for silicosis re- 
search by Arends et al. (1963) represents another 
interesting physical method. It detects configura- 
tions of unpaired electrons. The surface of silica 
ground in air bears the characteristic radicals = Si’, 
= Si-0', =Si-0-0‘ (peroxyradical) and 0 2 ’“ (su- 
peroxide anion). With time some 30% of the total 
radical population decay (Fabini et al. 1990). After 
three days the recorded spectrum does not appre- 
ciably vary over the period of weeks; aged dusts, as 
DQ12 and Min-U-sil 5, still exhibited well defined 
spectra. A new grinding process modified the situa- 
tion: most of the fine components of the spectra 
disappear into a broad envelope made up by the 
major components. Left standing in air, the spec- 
trum slowly evolved into its original shape. 

HF (King et al. 1953, Vigliani 1958, Marks and 
Nagelschmidt 1960, Pernis et al. 1960, Saffi- 
otti 1962, Daniel et al. 1995) and NaOH (Marks 
and Nagelschmidt 1960, Pernis et al. 1960, Bau- 
mann 1965) are the most common chemicals used 
to attack Si0 2 . Treatment with both also erodes sur- 
face radicals, but due to the low rate of reaction of 
crystalline silica, the total elimination of radicals is 
hard to achieve (Fubini et al. 1990). As the ozonide 
features on HF treated samples prevail over the rest 
of the spectra, HF might create some radicals along- 
side erosion, or, at least, favour the formation of the 
specific site giving the “ozonide” form upon contact 
with 0 2 . Etching with NaOH increased the acid 
phosphatase activity of glycogen-elicited macro- 
phages, while haemolysis was decreased (Sakabe 
et al. 1971). The release of lactate dehydrogenase 
from 10 6 guinea pig alveolar macrophages was in- 
creased by 25 [ig or 50 qg DQ12 treated with 5 n 
HC1 or 5 n NaOH, but decreased after pre- 
treatment with acetone (Tilkes and Beck 1987). 
Treatment with H 3 P0 4 or HC1 influenced lactate de- 
hydrogenase release from 10 6 cells without or with 
5 % serum (Kriegseis et al. 1987). Due to the 
amount of iron associated with unwashed silica the 
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potential to generate free radicals is greater with 
unwashed than with HCl-washed material (Miles 
et al. 1994). Removal of iron eliminates one of the 
major sources of free radicals and consequent DNA 
damage: when removed by acids both effects were 
in fact dramatically decreased (Daniel et al. 1995). 

Heat-treating (>800°C) fully deprived cristobal- 
ite of surface radicals and induced hydrophobicity, 
indicating that hydrophobicity is at least one of the 
surface properties determining the cytotoxic poten- 
tial of a dust as tested on proliferating cells of the 
mouse monocyte macrophage cell line J774 (Fubini 
et al. 1999). 

In addition to reactive oxygen species, nitric ox- 
ide may be a potential mediator of silica-induced 
toxicity (Castranova et al. 1996). Nitric oxide ad- 
sorbed readily to DQ12 quartz (Robertson et al. 
1982). At room temperature it remained adsorbed 
for up to several weeks. Thermal desorption of "NO 
was much lower (43 %) than of N0 2 (67 %). Vallya- 
than et al. (1997) studied the kinetic clearance of 
instilled stable nitroxide radicals (2,2,6,6-tetra- 
methyl piperidine N-oxyl) and showed an oxidative 
stress in adult male Sprague- Dawley rats exposed to 
10 mg Min-U-Sil quartz <5 pm. The generation of 
reactive oxygen species increased by silica was as- 
sociated with enhanced levels of superoxide dismu- 
tase (P< 0.05) and lipid peroxidation. 

Radzig (1993) labelled the active sites on reac- 
tive silica with H 3 C‘ radicals: 
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Fromme etal. (1966) localised tritiated poly-2- 
vinylpyridine-N-oxide of about 55 kDa injected 
subcutaneously into rats (FW 49) on the surface of 
tridymite dust given into the peritoneal cavity 0, 3, 
or 5 d before. The free radical scavenging proper- 
ties of PVPNO may be a mechanism for its action in 
pneumoconiosis (Gulumian and van Wyk 1987). 

Silicates causing pneumoconiosis function as Fen- 
ton catalysts to generate hydroxyl radicals when in- 
cubated with hydrogen peroxide and a reducing sub- 
stance (Kennedy et al. 1989). In contrast, silicates, 
which do not cause pneumoconioses demonstrate no 
Fenton activity. Catalytic activity is decreased by 
pre-treatment of silicates with the iron chelators, de- 
feroxamine or transferrin. Haemolysis from silicates 
is decreased by interventions, which remove super- 
oxide anion or hydrogen peroxide from the medium, 
or by pre-treatment of dusts with iron chelators. 

Serum added to the incubation medium strongly 
influenced the lag and intensity of cytotoxic mani- 



festations (Modolell et al. 1967). Cells unable to 
phagocytise but having adsorbed silicogenic parti- 
cles to their plasmalemmata are damaged after a 
longer interval. 

HL-60 cell derived macrophages were resistant to 
cytotoxic effects of quartz (Bruckner-Nieder et 
al.1992). Schedle etal. (1995) induced apoptosis 
by 33-1000 pM metal cations/1. Crocidolite asbes- 
tos suppressed the differentiation of HL-60 cells in- 
duced by DMSO (Ueki et al. 1992). 

P388D] macrophage-like cells were used in 
France to test cytotoxicity (viability and lactate de- 
hydrogenase and acid phosphatase levels) at a se- 
rum content of 4% (Davis et al. 1982). Because of 
uncontrolled variation occurring in animal cells 
( rabbit alveolar macrophages obtained by pulmo- 
nary lavage 3-4 weeks after stimulation by i.v. in- 
jection of Freund’s adjuvant, thioglycolate evoked 
rat peritoneal macrophages) Daniel and Le Bouf- 
fant (1980) preferred P388DJ cells, paticularly 
when investigating dusts with low toxicities. The 
extent of killing P388D, macrophages is dependent 
on both the dose of silica and the concentration of 
Ca 2+ ions in the medium (Kane et al. 1980). In the 
presence of extracellular calcium ions, after 3 h of 
exposure to 350 pg of silica, 69 % of the cells had 
lost viability, and ATP content was reduced to 21 % 
of control level (Kane et al. 1985). 

Quartz and other fibrogenic dusts stimulate the 
macrophages (Schiller 1980, Vigliani 1983), or 
their death is preceded by a period of stimulation. 
The fibroblast-stimulating factor released is identi- 
cal with the lymphocyte-activating interleukin- 1 
(Schmidt etal. 1982, 1984). The stimulated T- 
lymphocytes produce lymphokines and, in particu- 
lar, the “macrophage la recruitment factor” (MIRF) 
which causes macrophages to produce la antigens. 
Ia Antigens are necessary for the macrophages’ pre- 
sentation of exogenous or endogenous antigens to 
T-lymphocytes. Additional activation by lympho- 
kines increases the immune function of the macro- 
phages, and a vicious circle is triggered. The stimu- 
lated T-lymphocytes become hyperactive against all 
T-dependent antigens. Their functions include the 
development of a delayed-type hypersensitivity and 
an action on B-lymphocytes that makes them trans- 
form into plasmoblasts and plasma cells. The gam- 
maglobulins produced by the latter precipitate lo- 
cally on collagen fibres. An increased incidence of 
lymphoreticular tumours has been described in rats 
inoculated with silica particles (Wagner and Wag- 
ner 1972, Wagner et al. 1980). 

In Rat2 fibroblasts silica particles stimulated in- 
tracellular reactive oxygen species generation, evi- 
denced by 2’,7’-dichlorofluorecein oxidation (Cho 
et al. 1999). The time course of elevation of the in- 
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tracellular reactive oxygen species was paralleled by 
the increases of mitogen-activated protein kinase 
and extracellular signal-regulated protein kinase 
phosphorylation. Silica-induced extracellular 
signal-regulated protein kinase phosphorylation 
was also effectively attenuated by catalase and di- 
phenyleneiodonium chloride. However, superoxide 
dismutase enhanced the silica-induced extracellular 
signal-regulated protein kinase phosphorylation, 
indicating a role for H 2 0 2 in extracellular signal- 
regulated protein kinase activation. Furthermore, 
extracellular signal-regulated protein kinase and 
mitogen-activated protein kinase phosphorylation 
are reproduced by H 2 0 2 treatment. 

Because proinflammatory cytokines are believed 
to be central to the development of silica-induced 
pulmonary toxicities, inhibition of the production 
of these cytokines should result in protection. The 
anti-inflammatory, glucocorticoid steroid dexa- 
methasone has been demonstrated to inhibit the 
production of proinflammatory mediators (Guyre 
et al. 1988, Kern et al. 1988, Van Furth et al. 1995, 
Ohtsuka et al. 1996). These inhibitory effects may 
occur through gene repression by activated gluco- 
corticoid receptor binding to negative glucocorti- 
coid response elements in the 5’-flanking region of 
the proinflammatory gene. Binding at the glucocor- 
ticoid response elements down-regulates the activ- 
ity of the nuclear transcription factor, NF-xB (Klei- 
nert et al. 1996). NF-xB plays an essential role in 
the production of silica-induced proinflammatory 
mediators (Chen et al. 1995). In addition to its in- 
hibition of proinflammatory mediator production, 
dexamethasone has the ability to enhance the pro- 
duction of anti-inflammatory cytokines, such as IL- 
10 by leucocytes (Van Furth et al. 1995). Tracheal 
instillation of liposomes containing dexamethasone 
attenuated silica-induced pulmonary inflammation 
and fibrosis in rats (DiMatteo and Reasor 1997). 
One of the parameters used was luminol-dependent 
chemiluminescence of the lavagable cells. 

4.3 

Silicosis and Carcinoma 

4.3.1 

Epidemiology 

Hitherto, most authors refused a causal relationship 
between silicosis and bronchial carcinoma (Berb- 
linger 1931, Fischer 1931, Pancoast and Pen- 
dergrass 1933, Saupe 1933, Watjen 1933, 1936, 
Allen 1934, Koelsch 1934, Kollmeier 1934, 
Fischer-Wasels 1936, Staemmler 1937, Berger- 
hoff 1938, Holstein 1941, Wedler 1943, 
Schmidt 1947, Ehrhardt 1949, Ruttner 1949, 



Westermann 1951, Fruhling and Oppermann 
1952, Sporlein 1952/53, Schoch 1954, Mittmann 
1959, Otto and Breining 1959, Otto 1963, Nicod 
1967, Ruttner and Heer 1969, Otto and Von 
Hinuber 1972, Rooke et al. 1979, Ames et al. 
1984). The same was concluded by Vorwald and 
Karr (1937, 1938) on the basis of extended statis- 
tics. Only Dible (1934), Anderson and Dible 
(1938), Klotz (1939), Eck et al. (1969) and Gud- 
bergsson et al. (1984) supposed a causal relation 
between silicosis and pulmonary or bronchial carci- 
noma. In a review based upon 50 cases of silicosis, 
Klotz (1939) found 9 instances of carcinoma, in- 
cluding all organs (= 18 %). 4 of these were primar- 
ily bronchogenic, which is 8 % of the total number 
of cases of silicosis and 45 % of all the cancers 
found in this group. These observations were com- 
pared with a group of 4,500 autopsies performed on 
patients dying in the Toronto General Hospital. Of 
808 carcinomas of all organs (= 17.7 %) 53 were pri- 
marily bronchogenic, which is 1.17% of all autop- 
sies or 6.5 % of all cancers. In spite of the lack of di- 
rect evidence, Klotz was led back to the silica as 
the offending agent (cf. Kahlau 1954, 1961, 
Grosse 1956). In 5 cases of pulmonary carcinoma 
in preexisting silicosis, Eck et al. (1969) assumed a 
positive causal relation, although the identity of lo- 
cality could not be taken as evidence. K. H. Bauer 
(1963) has claimed: “Again and again one must be 
on one’s guard against the paralogism that a mass 
statistic rarity would a priori vote against a causal 
relation. For probability the sum of the individual 
cases gives a preliminary clue only; de facto et de 
jure it has to be redetermined for each individual 
case”. Schautz and Klein (1960) refusing quartz 
to be a direct aetiologic factor for carcinogenesis 
considered a concomitant bronchitis to be a pro- 
moting factor. Konn et al. (1976) quoted tobacco 
smoke as an additional irritant for the bronchial ep- 
ithelium. Chiyotani (1984) thought the recent 
higher risk of lung cancer to be closely connected 
with the remarkable longevity of hospitalised pneu- 
moconiotic patients. Information on exposure to 
silica and smoking habits collected from hospital 
records showed an elevated risk, supported by a 
clear dose-response, due to smoking (Mastran- 
gelo et al. 1988). Exposure to silica also appeared 
to increase the risk of lung cancer, but only in pres- 
ence of silicosis. The risk estimated tended to in- 
crease both with amount of smoking and duration 
of exposure to silica, with the magnitude of risk be- 
ing, however, much smaller for the latter effect. 

Nine cohort mortality studies published in 
1987-1997, in the opinion of the International 
Agency for Research on Cancer, provided the least 
confounded evidence and this time led to the Work- 
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ing Group’s final evaluation: ‘Crystalline silica in the 
form of quartz or cristobalite from occupational 
sources is carcinogenic to humans’ (Group 1). It is 
important to note, McDonald (2000) in a recent ed- 
itorial on silica and lung cancer stated, that the con- 
clusion was preceded by the following paragraph: 

In making the overall evaluation, the Working 
Group noted that carcinogenicity in humans was 
not detected in all industrial circumstances stud- 
ied. Carcinogenicity may be dependent on inher- 
ent characteristics of the crystalline silica or on 
external factors affecting its biological activity or 
distribution of its polymorphs. 

Ebihara and Kawami (1990) in 140 consecutive 
necropsies of silicotics found 25 with carcinoma, 
i.e. 19.9%. The predominant type was squamous 
cell carcinoma (54.2 %) followed by small-cell carci- 
noma (22.9%) and adenocarcinoma (14.6%). In 
cases of progressive massive fibrosis the majority of 
tumours arose in the segmental bronchi leading to 
the fibrotic masses. The majority of peripheral lung 
tumours were closely adjacent to fibrotic areas. 

The cancer morbidity and mortality figures of 
three different Finnish granite areas (Vehmaa: Bal- 
moral red granite; Kuru: grey granite; Viitasaari: 
black granite), combined with the differences in bi- 
ological activity (lactate dehydrogenase release 
from rat macrophages and luminol-enhanced 
chemiluminescence of human polymorphonuclear 
leucocytes) of the granite dusts and a hypothesis 
that there is a cancer-inducing mechanism for reac- 
tice oxygen species, pointed to a direct role of 
quartz in cancer induction (Koskela et al. 1994). 

Thus epidemiological evidence strongly suggests 
that chronic silicosis predisposes to an increased 
lung cancer risk, which is due either to high silica 
exposure or to the fibrotic process or to both fac- 
tors (Goldsmith 1994). However, the carcinogenic 
effects of silica are less dramatic than those of as- 
bestos (Allison 1996). 

The relative risk of developing lung cancer by in- 
halation of crystalline silica is about 1.18 (Ulm 
1999). This increased risk can also be explained by 
the different smoking behaviour among the ex- 
posed workers. However, workers compensated for 
silicosis have an about 2 to 2.5 times higher lung 
cancer risk compared to the general population. 
Workers without silicosis seem to have no increased 
risk. 

Diffuse interstitial fibrosis-type nonasbestos 
pneumoconiosis had an exceedingly high concur- 
rence of lung cancers when compared with pneu- 
moconiosis without diffuse interstitial fibrosis (Ka- 
tabami et al. 2000). Squamous cell carcinomas of 



the lung from pneumoconiosis with diffuse intersti- 
tial fibrosis exclusively comprised peripheral types, 
as compared with squamous cell carcinomas from 
pneumoconiosis without diffuse interstitial fibrosis 
(13 [100%] of 13 versus 33 [72 %] of 46, P = 0.03). 
Lung cancers arose frequently from the area of dif- 
fuse interstitial fibrosis in pneumoconiosis with dif- 
fuse interstitial fibrosis. 

Soutar et al. (2000) found that parts of the evi- 
dence were coherent but there were contradictions. 
The main scientific uncertainties in the evidence 
are: 

Smoking habits, socio-economic class differ- 
ences and inappropriate comparison population 

Weakness in the available data on which the ex- 
posure data are based 

Excess of cancer risk as the result of selection 
and diagnostic bias 

Is there an increased lung cancer risk from expo- 
sure to silica also found in subjects without sili- 
cosis? 

Is it justifiable to assume that quartz and cristo- 
balite have similar health effects? 

Reviewing published occupational epidemiological 
literature directly pertinent to the interrelations 
among silica exposure, silicosis, and lung cancer, 
Checkoway and Franzblau (2000) think that un- 
til more conclusive epidemiological findings be- 
come available, population-based or individually- 
based assessments should treat silicosis and lung 
cancer as distinct entities whose cause/effect rela- 
tions are not necessary linked. 

Pilger et al. (2000) did not find any significant 
differences in the levels of 8-hydroxydeoxyguano- 
sine in leucocyte DNA and the rate of urinary ex- 
cretion of 8-hydroxydeoxyguanosine between pa- 
tients with silicosis and quartz-exposed healthy 
workers. However, in the group of the patients with 
an increased oxidative DNA damage, urinary excre- 
tion of 8-hydroxydeoxyguanosine was lower than in 
the corresponding group of active workers without 
silicosis. No association of the formation and/or 
elimination of 8-hydroxydeoxyguanosine with the 
period of employment, field of activity, smoking, or 
age was detected. 

In 1517 coal miners’ post-mortem examinations 
from the Mecsek region, Hungary, Kadas (1996) 
found an incidence of lung cancer of 6.3 % at all and 
of 6.8 % in the 480 miners with silicosis, but 9.2 % 
in 6031 non miners aged over 40 years (controls) 
concluding that the dusty workplaces represented 
no lung cancer risk. 
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4.3.2 

In Vitro Studies and Bioassay 

Donaldson and Borm (1998) presented a hypo- 
thetical sequence of events that lead to production 
of cancer by quartz (Fig. 45). By utilising suitable 
chosen endpoints, it is therefore possible to explore 
the role of the quartz surface in the events leading 
to carcinogenesis without carrying experiments 
through to lifetime carcinogenesis studies, which 
are prohibitively expensive. 

Fubini (1998) modified this version by adding 
the form of the particle, crystallinity and the distri- 
bution of silanol groups (=SiOH) at the surface. 
Also dissociated silanols (=SiO“) and features re- 
lated to mechanical activation (surface radicals and 
charges) might play a role in phagocytosis. He con- 
sidered Al 3+ (Czernichowski etal. 1991) and 
other metal ions (Quinot and Claeys 1957), hy- 
drophobic surface (Strecker 1956, 1960), and 
coating with polyvinylpyridine- 1 -oxide (Beck et al. 
1965, Fromme et al. 1966, Dobreva et al. 1975) or 
conversion into siloxane bridges (= Si— O— Si=) by 
thermal treatments imparting hydrophobicity to 
the surface. 

In short-term genotoxicity studies silica was not 
mutagenic to Salmonella typhimurium (Mortel- 
mans and Griffin 1981) nor induced sister- 
chromatid exchanges in V79-4 Chinese hamster 
lung fibroblasts (Price-Jones et al. 1980). Micronu- 
clei were induced in hamster embryo cells (Hester- 
berg et al. 1986), but not in mice in vivo (Vanchu- 
gova et al. 1985). At 160 pg/cm 2 and 320 pg/cm 2 
both Min-U-Sil 5 and Min-U-Sil 10 induced micro- 
nucleus formation in V79 and (at a lesser degree) in 
Hel 299 cells, but no chromosomal aberrations oc- 
curred (Nagalakshmi et al. 1995). In vitro, five 
preparations of a-quartz (Min-U-Sil 5, Min-U-Sil 5 
pre-treated with hyrofluoric acid, Chinese standard 
a-quartz, DQ-12 and F600), cristobalite and 
tridymite induced strand breakage, thymine glycol 
production, and hydroxyl radical generation (Dan- 
iel et al. 1995). By Fourier-transform infrared spec- 
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Fig. 45. A hypothetical sequence of events leading to quartz 
pathology based on studies in animals and cells in vitro 
(Donaldson and Borm 1998) 



troscopy Mao et al. (1994) proposed that crystalline 
silica can bind closely to DNA (presumably by hy- 
drogen bonding to phosphate ester groups) and 
generate oxygen radicals that can damage DNA 
(Shi et al. 1994), thereby increasing risk of cancer 
development. 

A single intratracheal instillation of 2 mg sub- 
micronic (300 nm) silica particles in male Swiss 
Webster mice by 24 h induced acute focal necrosis 
in type I pneumocytes beneath an exudate of poly- 
morphonuclear leucocytes intermingled with a 
lesser number of alveolar macrophages (Bowden 
and Adamson 1984). The presence of silica parti- 
cles within the cytoplasm of type I cells, indicated 
the inability of alveolar phagocytes to cope with the 
acute load. Within 24 h particles were found lying 
free in the interstitium and within the phagosomes 
of interstitial macrophages, which by 3 days were 
aggregated into nodular collections adjacent to ter- 
minal bronchioles and perivascular spaces. 

From 1 to 5 days after a single intratracheal in- 
stillation of 10 mg Min-U-Sil silica (particle size 
5 pm) into SPF Wistar rats 8-hydroxy-2’-deoxygua- 
nosine levels in lung tissue increased 2.24- to 2.86- 
fold, suggesting the possible carcinogenicity of sil- 
ica (Yamano et al. 1995). 

As to mixed-dust exposure in coal miners, Borm 
and Tran (2002) required more refined physiologi- 
cally based pharmacokinetic modelling for a better 
estimate, also including interindividual difference 
in lung clearance. They suggested that the differ- 
ence in pathology between coal and quartz dusts is 
due mainly to differences in the biopersistence and 
the intrinsic activity of both substances. In agree- 
ment with the increased biosolublity of the 
MMVF34/HT stone wool fibre, the pathology after 
3, 6, 12, 18 and 24 months of inhalation (30 mg/m 3 ) 
in rats showed minor histopathological changes 
compared to both MMVF21 high (30 mg/m 3 ) and 
medium (16 mg/m 3 ) dosage groups (Kamstrup 
eta 1. 2001). 



4.4 

Fibrous Dusts and Malignancy 

Research on the health effects of naturally occur- 
ring and synthetic fibres has shown that fibres with 
certain physico-chemical characteristics have the 
potential to induce lung fibrosis and lung, pleural 
and peritoneal tumours (Bignon et al. 1995). The 
potency of inducing tumours is thought to be re- 
lated to their biopersistence (Davis 1986, Pott 
et al. 1989, Vallyathan et al. 1997, Hesterberg 
et al. 1998, Rodelsperger et al. 1998, Miller et al. 
1999, Moolgavkar et al. 2000). While measuring 
the in vitro dissolution at neutral pH (7.2 -7.8) rep- 
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Table 5. Surface 


area, percentage Si0 2 , and surface silanol density of fibrous silicates (from Ghio et al. 1994) 


Silicate 


Surface area 


Percentage Si0 2 


Surface silanol density 




(m 2 /g) 


(groups/nm 2 ) 


Amosite 


2.3 ±0.4 


49.2 ±0.5 


7.5 ±1.8 


Crocidolite 


8.7± 1.0 


48.5 ±0.3 


4.7 ±0.6 


Chrysotile 


28.8± 1.4 


39.8 ±0.9 


1.8 ± 0.1 



resent the dissolution in the extracellular lung fluid, 
in vitro dissolution rates at acidic pH (4.5-5) repre- 
sent the pH environment within the phagolysoso- 
mes of the pulmonary alveolar macrophages 
(Bauer et al. 1994, Christensen et al. 1994, 
Knudsen et al. 1996, Guldberg et al. 1998). Col- 
lier et al. (1995) found differences in glass fibre 
biopersistence between the peritoneal cavity and 
the lung of rats: For fibres longer than 20 pm, dura- 
bility in the peritoneal cavity was greater than in 
the lung. This may result in higher pathogenicity of 
such fibres in the peritoneal cavity. Pott (1995) 
found the intraperitoneal model to be much more 
specific and sensitive for testing the carcinogenicity 
of inorganic fibres than the inhalation model. The 
results with inhaled fibres were broadly consistent 
with those from intraperitoneal injection studies of 
the same fibres, in that the responses were depen- 
dent on both the durability of the fibres and the 
numbers of long thin fibres (Miller et al. 1999). 
Whereas rat pleural mesothelial cells in vitro 
showed dose-dependent and significant increases of 
8-hydroxydeoxyguanosine formation in response to 
crocidolite asbestos or iron-chelated crocidolite fi- 
bres (but not after exposure to glass beads), a hu- 
man mesothelial line (MET5A), showed decreases 
in 8-hydroxydeoxyguanosine (Fung et al. 1997). 
Both cell types exhibited elevations in message lev- 
els of manganese superoxide dismutase. In compar- 
ison with human MET5A cells, rat pleural mesothe- 
lial cells exhibited increased cytotoxicity and apop- 
tosis in response to asbestos. In human peripheral 
blood cells, 8-hydroxy-2’deoxyguanosine was not a 
sensitive biomarker for past asbestos exposure at 
low levels (Hanaoka et al. 1993). 

Surface roughness of fibrous minerals may be 
evaluated by comparison of Brunauer-Emmet- 
Teller (1938) surface area (SA BEX ) and calculated 
(SA cal ) one (Ono-Ogasawara and Kohyama 1999). 
Natural mineral fibres, as expected from scanning 
or transmission electron microscopic observations, 
have complicated cleavage or degraded surfaces due 
to weathering. As a famous example, the shape of a 
chrysotile fibrils a hollow cylinder (Yada 1967) 
with a large surface area because is has both an in- 
side and outside surface (Naumann and Drescher 
1966). In addition, chrysotile exists in fibre bundles 



together with many fibrils that produce irregularly 
rough surfaces. Because of the results, the large ra- 
tio SA BET -SA cal does not express exclusively surface 
roughness for chrysotile. 

According to Liddell (1997), after many elec- 
tron microscope studies, there is a convincing ex- 
planation of the reasons for differential effects of 
asbestos in animals and humans (Elmes 1991). 
Massive doses of chrysotile fibres, once retained in 
the lung of a rat, split up into finer bundles, and 
eventually into fibrils (the basic crystal units, which 
are less than 0.1 pm in diameter), and so provided 
a much increased surface area for biological reac- 
tion. Within the animal’s life-span, clearance from 
the lung was not great, and doses were so enormous 
(at the limit oftolerance, well over 2000 fibres/ml) 
that substantial proportions of animals developed 
tumours. On the other hand, however, the same 
dose of amphibole fibres was retained virtually 
without increase in surface area, so that the effec- 
tive dose of amphibole in rodent lung was much 
smaller than that of chrysotile. In man, on the other 
hand, although the initial build-up of surface area 
was much greater, exposure for exposure, with 
chrysotile than with amphibole, the chrysotile was 
largely cleared from the lung before tumours could 
develop, whereas amphibole was retained defini- 
tively. The effective dose of amphibole in the hu- 
man lung was thus very much greater than of chrys- 
otile. 

In man, an increased asbestos fibre concentra- 
tion was correlated to galectin-1 -binding and the 
presence of epitopes for natural immunoglobulin G 
subfractions with selectivity to a-galactosides and 
a-mannosides (Kayser et al. 2000). The survival of 
patients with primary and secondary lung tumours 
was negatively associated with the fibre concentra- 
tion. 

Two interferon-y-controlled metabolic pathways 
accounting for some of the cytostatic effects of 
interferon-y in rat pleural mesothelial cells trans- 
formed in vitro with benzo[a]pyrene or chrysotile 
asbestos were not efficient in human mesothelioma 
cells, and suggested that cytokine-induced growth 
inhibition is mediated by a different pathway in hu- 
man mesothelioma cell lines (Phan-Bitch et al. 
1997). 
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In the current consensus model of the pathogen- 
esis of mesothelioma, it is suggested that neoplastic 
growth is a result of two concurrent, perhaps mutu- 
ally reinforcing processes: firstly, genetic changes in 
the mesothelial cells, whereby their responsiveness 
to autocrine and paracrine growth signals is al- 
tered, and secondly, a chronic inflammatory re- 
sponse. Either or both may by induced by mineral 
fibres of the appropriate shape and chemical com- 
position or by other carcinogenic/pro-inflamma- 
tory agents (Gerwin 1994, Jaurand and Barrett 
1994, Fitzpatrick etal. 1995). Bielefeldt- 
Ohmann et al. (1994, 1996) added a third process, 
immuno-evasion. 

While uninflamed appendices elicited mesothe- 
lial cells to be positive for the cell adhesion mole- 
cule ICAM-1 and negative for VCAM-1 or E- 
selectin, 6 h after the onset of clinical symptoms of 
appendicitis a strong reaction on ICAM-1 was 
found (Klein et al. 1995). The expression of 
VCAM-1 was detectable after 12 to 16 h. E-selectin 
was not found in acute appendicitis. Identical con- 
stellation in the expression of ICAM-1, VCAM-1 
and E-selectin were observed on human omental 
mesothelial cells grown in fibronectin-coated flasks 
in vitro. Activated mesothelial cells from pleural ex- 
udates induced the exprimation of a3 and a6 
chains, matrix proteins as laminin, tenascin, fibro- 
nectin and type IV collagen were increased (Barth 
etal. 1995). 

MOC31 recognising a transmembrane glycopro- 
tein present on most types of epithelial cells, in- 
cluding adenocarcinoma, but not on normal or ma- 
lignant mesothelial cells (Ruitenbeck et al. 1994, 
Edwards et al. 1995), in a case of an asbestos 
sprayer played a pivotal role in reaching the diagno- 
sis, and had important implications in claims for 
compensation for mesothelioma (Ryan et al. 1997). 

Asbestos initiates the formation of oxygen radi- 
cals through at least two mechanisms: activation of 
respiratory burst in phagocytic cells and iron- 
catalysed reactions (Kamp etal. 1992). The dra- 
matic enhancement of release of superoxide anions 
found by Hill et al. (1995) when long fibre amosite 
was opsonized with IgG, confirmed the greatly in- 
creased biological activity after opsonization 
(Scheule and Holian 1989, Nyberg and Klock- 
ars 1990, Perkins et al. 1991, Donaldson et al. 
1992). Treatment of rat alveolar macrophage cul- 
tures with chrysotile dose-dependently stimulated 
tumour necrosis factor a secretion, which was in- 
hibited by the addition of deferoxamine (Simeo- 
nova and Luster 1995). When lymphatic clearance 
of 120 pg short crocidolite fibres was inhibited by 
obstructing peritoneal stomata 2 days before by in- 
traperitoneal injection of Amicon agarose blue A 



Table 6. Definition and materials of man-made fibres (Out- 
line from VDI Instruction 3469, p. 1, 1989) 



Inorganic crystalline fibres 

Steel 

Carbon fibres 
Potassium titanate 
Silicon carbide whiskers 
Other inorganic crystalline fibres 

Inorganic amorphous fibres 

Textile vitreous fibres 
A-Glass 
C-Glass 
D-Glass 
E-Glass 
R-Glass 
Z-Glass 

Silicic acid fibre (Si0 2 ) 

Non-textile glass fibres 

Ceramic fibres (alumino-silicate fibres) 

Glass wool 

Rock wool/slag wool 

Organic fibres 
Polyester 
Polyaramide 

Polytetrafluoroethylene (Teflon®) 

Polyamide 

Viscose (Reyon) 

Polypropylene 

Polyacrylonitrile 

Polyacrylamide 



beads (50-150 pm in diameter) there was no differ- 
ence to the effects of 200 pg of mixed (native) fibres 
in the LDH activities in the peritoneal lavage fluids 
and the trypan blue staining of the diaphragms of 
mice (Goodglick and Kane 1990). 

Iron can be mobilised from asbestos in acellular 
in vitro systems, in cultured cells, and in vivo (Ta- 
ble 7). 

The ability of man-made vitreous fibres, to pro- 
duce reactive oxygen metabolites in human poly- 
morphonuclear leukocytes was studied by luminol- 
enhanced chemiluminescence, and it was generally 
less than that produced by quartz (Luoto et al. 
1997). There was a dose-dependent increase in the 
production of reactive oxygen metabolites by all 
man-made vitreous fibres, quartz, titanium dioxide 
and chrysotile. In rat alveolar macrophages 
lucigenin-enhanced chemiluminescence was 
concentration-dependent for each JM-100 glass mi- 
crofibre length (Blake et al. 1998). Chemilumines- 
cence declined and lactate dehydrogenase rose with 
increasing fibre concentrations. 

Supercoiled cj)X174 RF1 plasmid DNA was used 
for a target of respirable industrial fibre-induced 
free radical injury. The results presented by Gil- 
mour et al. (1995) revealed that the insulation wool 
MMVF 21 has much less free radical activity than 
asbestos fibres, but does have a detectable harmful 
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Table 7. Asbestos and iron 












Dust 


Model system 


In vivo/ 
in vitro 


Parameter 
of toxicity 


Result 


Reference 


Remarks 


Crocidolite, am- 


Phospholipid 


In vitro 


Lipid peroxida- 


All 3 types of asbestos were able to cat- 


Weitzman 


Treatment with 


osite, Canadian 
chrysotile 


emulsions 




tion 


alyze lipid peroxidation in the native 
state. This catalytic activity was inhib- 
ited by pre-washing of the asbestos 
with desferroxamine. 


and Weit- 
berg (1985) 


Fe chelators di- 
minished lipid 
peroxidation. 


Crocidolite, 

amosite 


Mobilisation 
of iron 


In vitro 


0 2 consumption 


Desferrioxamine B, which forms a re- 
dox inactive chalate with Fe(III), inhib- 
ited 0 2 consumption by 90-100%. 


Lund and 
Aust (1990) 


Intracellular 
mobilisation 
of Fe ROS 


Crocidolite 


Leaching 
of iron from 
fibres, acellular 


In vitro 


Reactivity 
of iron-bound 
asbestos com- 
pared with iron 
mobilised from 
asbestos 


Mobilisation of iron from crocidolite by 
chelators such as citrate, nitrilotriace- 
tate or EDTA greatly enhances its redox 
activity. This may lead to increased 
production of ROS. 


Lund and 
Aust (1991) 


Fe on or in cro- 
cidolite may be 
responsible for 
redox activity 


Asbestos, atta- 
pulgite, fiber- 
glass, whiskers 
of K 2 Ti0 3 , basic 
MgS0 4 and 
CaS0 4 , P0 3 poly- 
mer 


Calf thymus 
DNA, fibres; 
additions: 

1) none, 

2) 5 mM H 2 0 2 , 

3) 0.5 mM 
H 2 0 2 + 0.5 mM 
FeS0 4 . 


In vitro 




Asbestos induced 6.6-99.8 of 8-OH- 
dGuo per 10 5 dGuo. Levels of 8-OH- 
dGuo in MMMF 3.6 -9.4. Amount of 
8-OH-dGuo strongly stimulated by ad- 
dition of H 2 0 2 only in asbestos, not in 
MMMF. Stimulation of 8-OH-dGuo for- 
mation by FeS0 4 addition in attapulg- 
ite, fiberglass, K 2 Ti0 3 whisker, and 
metaphosphate polymer. Fiberglass 
and basic magnesium sulphate whisker 
higher amounts of 8-OH-dGuo after 
mannitol addition than these fibres 
and H 2 0 2 . 


Adachi et al. 
1992 


8-OH-2’- 
deoxyguanosine 
as a cause of 
point mutation 


Crocidolite 




In vitro 


Surface iron 
after reduction 
to Fe 2+ and che- 
lation by citrate 


Corresponding to decrements in sur- 
face Fe 3+ , thiobarbiturate-reactive prod- 
ucts and HO. diminished. Deferoxa- 
mine provides similar results by chelat- 
ing Fe. 


Ghio et al. 
1992 


Surface acidic 

functional 

groups 


Crocidolite, 
amosite, tremo- 
lite, chrysotile 


Closed circular 
superhelical 
(J)X174 RFI 
DNA 


In vitro 


DNA single 
strand breaks 
(SSB) 


Mobilisation of iron by chelators, fol- 
lowed by redox cycling, greatly en- 
hanced crocidolite-dependent forma- 
tion of DNA SSB. 


Lund and 
Aust (1992) 




Crocidolite 


Calf thymus 
DNA 


In vitro 


8-OH-2’-Deoxy- 

guanosin 

formation 


Under simple incubation with 2 mg calf 
thymus DNA 5 mg crocidolite or 
deferrized crocidolite for 3 h at 37 °C 
yielded 14.6 and 30.2 OH 8 -2’- 
deoxyguanosine/10 5 2’-deoxyguanosine, 
respectively. In incubation systems sup- 
plemented with 0.5 mM H 2 0 2 plus 
0.1 -1.0 mM Fe 2 0 3 , 0.5 mM Fe 2 0 3 + 

0.5 mM ascorbate, 0.5 mM Fe 2 0 3 + 

1 mM EDTA, or 0.5 mM FeS0 4 + 

0.5 mM ascorbate, deferrized crocido- 
lite induced higher levels of OH 8 -2’- 
deoxyguanosine. 


Adachi et al. 
(1994) 


Ferric iron pro- 
moted DNA oxi- 
dation 


Crocidolite, 


Closed circular 


In vitro 


DNA single 


32 % DNA damage induced by crocido- 


Aust et al. 


Citrate-chelated 


amosite 


superhelical 
<J)X174 RFI 
DNA 




strand breaks 


lite and 52 % by amosite when citrate 
(1 mM) and ascorbate (1 mM) were 
added. Further addition of 25 pM H 2 0 2 
increased the figures to 56 % and 76 %, 
respectively. During 30 min incubation 
with 1 mM nitrilotriacetate, 14 pM iron 
was mobilised from crocidolite com- 
pared with 4 pM from amosite. 


(1994) 


iron, reduced by 
ascorbic acid to 
Fe 2+ acts as a 
Fenton catalyst 
to generate HO* 
which induces 
DNA SSB. 


Crocidolite, 

neutron 

activated 


A549 cells 


In vitro 


55 Fe and 59 Fe 
mobilised from 
crocidolite 


3600 pM iron/10 6 cells mobilised of 
which 54 pM/10 6 cells was in a low- 
molecular-weight (LMW) fraction. In- 
tracellular concentration: 1.4 mM iron 
of which 22 pM was in the LMW frac- 
tion. 


Chao et al. 
(1994) 


Fe overload in 
cells after phago- 
cytosis of crocid- 
olite 


Asbestos bodies 


Closed circular 


In vitro 


DNA single 


Asbestos bodies + DNA — > no SSB; 


Lund et al. 


Iron deposited 


(human), 

amosite 


superhelical 
cj)X174 RFI 
DNA 




strand breaks 


asbestos bodies + ascorbate + DNA — > 
10% SSB; asbestos bodies + ascorbate 
+ chelator + DNA — » 21 % (citrate) 
and 77 % (EDTA) SSB 


(1994) 


on asbestos fi- 
bres in vivo may 
increase the 
damage to DNA 
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Table 7. (Continued) 



Dust 


Model system 


In vivo/ 
in vitro 


Parameter 
of toxicity 


Result 


Reference 


Remarks 


Crocidolite 


Supercoiled 
cJ)X174 RF1 
plasmid DNA 


In vitro 


DNA single- 
strand breaks 
(SSB) 


Native crocidolite with additional Fe 
bound did not change its ablity to 
cause DNA-SSB. Pre-soaking of crocid- 
olite with deferoxamine and addition of 
Fe resulted in an increased DNA dam- 
age. In Fe-containing medium, more 
SSB than in regular culture medium. 
Crocidolite may bind Fe from intracel- 
lular sources and this may increase the 
fibre’s lifetime. 


Hardy and 
Aust (1995) 


Surface binding 
of Fe from intra- 
cellular sources 


Amosite, chryso- 


Primary rat al- 


In vitro 


Cellular dam- 


Amosite damaged cultured human epi- 


Kamp et al. 


Mineral dusts 


tile, 1i0 2 , car- 
bonyl iron 


veolar type II 
cells, trans- 
formed WI-26 
and A549 cells 




age, production 
of ROS, DNA 
strand breaks 


thelial cells (WI-26) and induced DNA 
strand breaks. All dusts caused release 
of HO*. These effects were attenuated 
by addition of phytic acid. 


(1995) 


may be directly 
genotoxic 


Chrysotile, cro- 
cidolite, Ti0 2 


Rat alveolar 
macrophages 


In vitro 


ROS 


Dose-dependent stimulation of TNF-a 
secretion by asbestos was inhibited by 
deferoxamine (iron chelator). Role of 
ROS confirmed by radical regenerating 
hypoxanthine-xanthine oxidase system 


SlMEONOVA 
and Luster 
(1995) 


ROS in signal- 
ling TNF-a stim- 
ulation 


Amosite UICC 


Horse spleen 
ferritin 


In vitro 


Ferritin adsorp- 
tion 


Desorbed protein showed subunits of 
~ 13 and 15 kDa, aside from the 20 kDa 
subunit present in the native protein 


Fubini et al. 
(1997) 


Exposed iron 
core of the ab- 
sorbed protein 
can trigger 
Fenton-type 
reactions 


Crocidolite 


Rat lung 


In vitro 


LDH, collagen, 


Collagen content of fibroblasts in- 


Gardi et al. 


Fe release impor- 


(27 % Fe) 


fibroblasts 




DNA, thiobarbi- 
turic acid 


creased in a dosedependent manner. No 
cell damage, proliferation or lipid per- 
oxidation 


(1997) 


tant in asbestos 
fibrosis 


Long-fibre amo- 


4>X174 plasmid 


In vitro 


Hydroxyl radi- 


Amosite and RCF1 released HO*. Solu- 


Brown et al. 


None of the 


site, SiC fibre, 
glass fibres, 
RCF1 ceramic 
fibres 


DNA 




cal generation, 
Fe 3+ release 


ble iron caused hydroxylation of salicy- 
late. 


(1998) 


noncarcino-genic 
fibres demon- 
strated free radi- 
cal activity. HO* 
by RCF1 was 
inhibited by an 
iron chelator 
(DSF-B) 


LFA, C100/475, 
MMVF 10, SiC, 
RCF1 


Sheep surfac- 
tant 


In vitro 


Fe 3+ release 


Surfactant coated fibres released mor 
Fe 3+ than native fibres at both pH 4.5 
and 7.2 


Fisher et al. 
(1998) 





effect on plasmid DNA which is consistent, but 
small enough to not attain statistical significance in 
their series of experiments. The amelioration by 
mannitol of the small amount of damage to plasmid 
DNA caused by MMVF treatment implicated hy- 
droxyl radicals, but chelation of iron with 
desferrioxamine-B had no effect. 

Homologous recombination is one mechanism, 
which might readily contribute to both the mutage- 
nicity and carcinogenicity of asbestos fibres. All 
types of asbestos fibres have been shown to mediate 
cell transfection (Appel et al. 1988, Gan et al. 
1993). Transfection is frequently employed in the 
laboratory to generate homologous recombination 
(Waldman 1992, Savranky et al. 1994). Lezon- 
Geyda et al. (1996) have developed a new assay 
which determines the extent to which a marker 
gene present in DNA introduced by asbestos can re- 



combine with homologous genes residing in a 
transfected cell. Asbestos-induced recombination 
events may play a significant role in asbestos muta- 
genesis and carcinogenesis, and promotion of re- 
combination may underlie the well-recognised syn- 
ergy of asbestos with other carcinogens. 

The micronucleus assay is one of the most fre- 
quently used short-term assays for the detection of 
genotoxic agents and potential carcinogens. (Ma- 
vournin et al. 1990). In Chinese hamster lung fi- 
broblast cell line V79 Manville 100 microfibre and 
Owens Corning AAA-10 microfibre induced signifi- 
cant numbers of multinucleated and micronucle- 
ated cells in a concentration-related manner (Ong 
et al. 1997). Immunofluorescent staining demon- 
strated a significant dose-related increase in the 
proportion of kinetochore-positive micronuclei in 
cells treated with the two microfibres. Unlike the 
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two microfibres, the larger fibres, Owens Corning 
building insulation fibre, neither induced micronu- 
clei nor inhibited cytokinesis in V79 cells. Thus, the 
genotoxic potential of glass fibres in V79 cells may 
be related to their size. 

Jensen etal. (1996) found that long crocidolite 
asbestos fibres (10-55 pm), trapped by the cleavage 
furrow, sterically blocked cytokinesis, sometimes 
resulting in the formation of a binucleated cell. The 
ends of the blocking fibres were usually found 
within invaginations of the newly formed nuclei. 
Nuclear envelop-fibre attachment was evident when 
a chromatin strand ran with the fibre into the inter- 
cellular bridge. Such strands may break, causing 
chromosome structural rearrangements. 



Relatively minimal information is available on 
cancers associated with fibre exposure. Lechner 
etal. (1997) summarised these carcinogenesis 
mechanisms with primary emphasis on the alter- 
ations described in human mesotheliomas. Of the 
known changes, the most frequent are in the 
tumour-suppressor genes pl6 INK4a (Kratzke etal. 
1995) and NF2 (Bianchi et al. 1995, Sekido et al. 
1995) and possibly the SV40 virus (Cristaudo et al 
. 1995) large T-antigen oncogene. 

Among 3685 rock-slag wool workers lung cancer 
incidence was increased (Boffetta et al. 1999). 



CHAPTER 5 



Material and Methods 



5.1 

Freund's Adjuvant 

Freund’s (1947, 1956) complete adjuvant is the 
most popular adjuvant. It consists of killed and 
dried mycobacterial cells suspended in an emulsify- 
ing oil. 

5.2 

Implants 

The rather simple cotton-pellet-test in rats was in- 
troduced by Meier et al. (1950). An important 
source of variability arises from the initial size, i.e. 
the weight and particularly the surface of the 
cotton-pellet (Benzi and Frigo 1964, Robinson 
and Robson 1964). The initial phase of the inflam- 
matory reaction to subcutaneous implantation is 
characterised by increased permeability of the ves- 
sels in the connective tissue surrounding the im- 
plant, with the pellet undergoing a rapid saturation 
(‘soaking’) by the fluid escaping from the vessels 
(Meyer et al. 1953). Early permeability changes in 
the implant region are responsible for a transient 
transudative phase during the first three hours, 
which is followed by an exudative phase occurring 
between 3 and 72 h (Swingle and Shideman 
1972). The fluid absorbed by the pellet greatly influ- 
ences the wet weight of the granuloma, so that re- 
producible assessments are only achieved by deter- 
mining the dry weight, which correlates well with 
the amount of granulomatous tissue formed. A con- 
tinuous increase in the granuloma dry weight has 
been observed for up to 3 months (Di Pasquale 
and Meli 1965). However, the greatest rate of in- 
crease occurs during the first few weeks; thus, the 
majority of assessments have been confined to 7- 14 
days granulomata. 

Cylindrical “bullets” (approximately 3 mm diam- 
eter and 5 mm long) of agar, gelatine and egg white 
were implanted in the peritoneal cavity of rats 
(Curran and Clark 1964). The gelatine implants 
were rendered insoluble by 24 hours’ treatment 
with formalin, which was then removed by pro- 



longed and repeated soaking in balanced salt solu- 
tion. We (Schiller 1973) used Marbagelan®, an 
absorbable denatured spongeous gelatine prepara- 
tion for subcutaneous implantation. 

5.3 

Dusts 

Grinding of Materials. The mechanical disintegra- 
tion of a solid leads to the formation of a new sur- 
face. The formation of this surface begins with the 
rupture of interatomic bonds and is concluded with 
an ordering of structure of the layer near the sur- 
face. As a rule, the formation of the new surface is 
accompanied by dissipation of excess energy as evi- 
denced by the evolution of heat, the emission of 
electrons, ions, or neutral particles, luminescence, 
and other phenomena. 

When milled under an atmosphere of H 2 at 
10-12 torr the following reaction occurs (Bystri- 
kov et al. 1980]: 

=Si— O— Si= + H 2 ► =Si-H+=Si-0-H [6] 

Active centres that react with hydrogen may be gen- 
erated as a result of either particle splitting or pro- 
cesses of friction (the uptake of gases during mill- 
ing is sometimes termed tribosorption (xq l |3r| = at- 
trition). The = Si-H bonds are readily hydrolysed 
by water: 

= Si— H + H 2 0-*-=Si— OH + H 2 , [7] 

and the yield of H 2 in reaction [7] must be equal to 
the concentration of the bonds (Streletskii and 
Butyagin 1980). 

Quartz. A tertiary quartz sand was broken by jaw 
crushers and metallic ball mills at Dorentrup Sand 
and Clay Plant Ltd and sold under the name 
“Ground Product No. 12” (in short: DQ12), with a 
size distribution of < 60 pm. A < 5 pm size fraction 
was prepared from this material by centrifugal sep- 
aration in air using the laboratory separator of 
Messrs. Walther-Staubtechnik of Cologne. This 
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standard quartz is officially designed as DQ12 
< 5 pm (Robock 1973). The maximum of the parti- 
cle number distribution is ca. 0.8 pm; that of the 
surface distribution ca. 1 pm; while the maximum 
of the volume or mass distribution is ca. 1.3 pm. 
The upper size of the quartz particles is between 5 
and 6 pm. The specific surface found by the BET- 
method is 7.4 m 2 /g. 

The characteristic glow curve of DQ12 annealed 
in air at 520 K for 24 h after X-raying (30 kV, 
45 mA, 1 min) at 133 K as depicted by Kriegseis 
et al. (1977) is comparable to thermally stimulated 
luminescence curves which have been obtained by 
other authors from natural crystalline and amor- 
phous Si0 2 samples as well as synthetic quartz sin- 
gle crystals (Medlin 1963, Schlesinger 1965, 
Halperin et al. 1979, Mattern 1973). 

Robock and Klosterkotter (1973) and Robock 
(1974) have shown that thermally stimulated lumi- 
nescence of Si0 2 materials is extremely sensitive to 
surface treatment. The effect of heat treatment at 
850 K on the thermally stimulated luminescence was 
dependent on the gas atmosphere (air, N 2 , 0 2 ). 



Crystallised Quartz 




Tridymite 




Fig. 47. Tridymite (particles 2-4 pm in size). Gold coating. 
Cambridge Stereoscan 150 operated at 19 kV. APh-R. 216/ 
80, negative 03 953 



Dust mixtures of crystalline and amorphous silica 

cannot be quantified by infrared spectroscopic 
methods alone, due to a severe overlap of the pri- 
mary spectral Si0 2 band in the most characteristic 
infrared region, i.e. 850-750 cm' 1 . This problem has 
been solved with the use of multivariate calibration 
by partial last-squares regression applied to infra- 
red spectroscopy (Bye 1994). 

Titanium Dioxide 

Anatase (Ti0 2 P 25, Degussa, Frankfort on the 
Main) was produced by flame hydrolysis of TiCl 4 . 
Boehm (1966) comprehensively studied the func- 
tional groups on the surface of this type of dust. 



4 

Fig. 46a, b. Brazilian crystallised quartz of two different parti- 
cle sizes: a) specific surface 2 nr/g; and b) specific surface 
9.1 m 2 /g. Gold coating. Cambridge Stereoscan 150 operated at 
19 kV. APh-R. 214/80, negative 03 944, and APh-R. 212/80, 
negative 03 935, respectively. - Small particles stick to bigger 
ones, firmly held by the surface charges produced by grinding 
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Fig. 48. Anatase (Ti0 2 P 25, Degussa, Frankfort on the Main). 
Gold coating. Cambridge Stereoscan 150 operated at 19 kV. 
APh-R. 211/80, negative 03 932 




Fig. 49. Electron diffraction pattern of anatase as shown in 
Fig. 48. 50 mg of the dust were suspended in 2 ml saline and 
given intraperitoneally to a 194 g Sprague-Dawley rat (Char- 
les River, France). 4 days later under pentobarbital anaesthe- 
sia (30 mg/kg), the animal was perfused from the abdominal 
aorta with 2.5% glutaraldehyde in 0.1 M sodium cacodylate 
buffer (pH 7.4). Postfixation with 1 % osmium tetroxide in 
sodium cacodylate buffer. Embedded in Epon 812 and sec- 
tioned at 50 nm. Stained with lead citrate and uranyl acetate. 
- Particles analysed were within phagolysosomes of Kupffer 
cells (block 4460). Film 224/79 



Aluminium Oxides 

Besides a-Al 2 0 3 (corundum) there are at least eight 
oxides mostly classed under the term of y-A 1 2 0 3 (cf. 
Ginsberg et al. 1957). Some of these forms may be 
non-stoechiometric oxide-hydroxides. 

Clayey Shale 

Quartz-free clayey shale was taken from the sur- 
rounding strata of Erda seam, Fiirst Leopold-Baldur 
mine at Harvest-Dorsten. The fraction < 5 pm ac- 
cording to Robock and Klosterkotter mainly 
contains crystalline kaolinite. It was pressed to 
square bars and re-dispersed in Polley’s (1963, 
1965) dust channel 4 h per day, 5 days per week. 

Montmorillonite 

Montmorillonite clays have an octahedral layer of 
A1 2 0 3 -A1(0H) 3 sandwiched between two tetrahedral 
layers of Si0 4 silicate units. The specific surface of 
particles < 2 pm is of the order of 500 m 2 /g, some- 
times as high as 760 m 2 /g, as measured with ad- 
sorption of N 2 in the standard Brunauer-Emmell- 
Teller (BET) method. 




Fig. 50. Montmorillonite API H 26 (particles less than 2 pm 
in size). Gold coating. Cambridge Stereoscan 150 operated at 
19 kV. APh-R. 215/80, negative 03 950 



Aluminium 



Table 8. Aluminium powder 



Particle Size [pm] 


Number [%] 


0- 2 


46.6 


2- 4 


45.9 


4-10 


5.8 


10-20 


1.4 


20-25 


0.3 
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Fig. 51. X-ray diffraction pattern of the powdered cohalt- rial can be detected in the sample, Si0 2 modifications in- 
nickel alloy from the sintered carbide metal production of the eluded. Courtesy of Dr. R.-W. Schliephake, Bergbau- 
Deutsche Edelstahlwerke, Krefeld. No other crystalline mate- Forschung, Essen 



Magnetite 

Magnetite, [Fe 3+ ] IV [Fe 2+ Fe 3+ ] VI 0 4 , is a cubic mineral 
and member of the spinal structure type, space 
group Fd3m. 




Fig. 52. X-ray diffraction diagram of the powdered magnetite kaolinite [A12Si20 5 (0H) 4 ], an amphibolic mineral, and 3 per 
from Grangesberg, Sweden. Besides magnetite (Fe304) the cent quartz 
sample contains some haematite (Fe203), siderite (FeC03), 



Dusts Isolated from Pneumoconiotic Lungs 

While Cartwright and Nagelschmidt (1961) 
isolated lung dusts by refluxing 5 g dried ground 
lung with 100 ml of 50 per cent hydrochloric acid 
(HC1) for 24 h, followed by repeated washing with 
alcohol, Einbrodt and Klosterkotter (1965), 
Einbrodt et al. (1965) and Stober et al. (1967) re- 
covered the dusts by the formamide method de- 
scribed by Thomas and Stegemann (1954). 
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Fig. 53. a Dust No. 17 gained after formamide treatment at 
135 °C of the lungs of an 38-year-old coal miner who had 
worked underground for 15 years. Gold coating. Cambridge 
Stereoscan 150 operated at 22 kV. APh-R 664/81, negative 11 
613. Sample provided by Prof. H.J. Einbrodt, Aachen 




Fig. 53. b Dust No. 17 gained after formamide treatment at 
135 °C of the lungs of an 38-year-old coal miner who had 
worked underground for 15 years. The quartz portion (free 
Si0 2 ) of 10 % of the total dust was removed by HF. Gold coat- 
ing. Cambridge Stereoscan 150 operated at 22 kV. APh-R 665/ 
81, negative 11 620. Sample provided by Prof. H.J. Einbrodt, 
Aachen 



5.3.1 

Preparation of Dusts for Animal Experiments 

It is clear that the surface properties of substances, 
which in the form of particulate matter cause lung 
injuries play an exceedingly important role in the 
development of the lesions. Thus the preparation of 
the material to be tested must not alter the physico- 
chemical properties at the interface of the material 
with its environment before getting in contact with 
cells and tissues. 

Interaction between a surface and solution invari- 
ably leads to change in the physical form of the surface, 
and this may often be detected by reflectance measure- 
ments. Nicoll (1942) showed the variation in reflec- 
tivity of two surfaces (glass and calcite) with time of 
exposure to 1 % sodium hydrogen phosphate at 50 °C. 
Smith and Waddams (1954), in addition, used elec- 
tron micrographs to demonstrate corrosion of glass. 
The dissolution of glasswool fibres was greater in me- 
dium than in cell culture, whereas the opposite was 
true for rockwool fibres (Luoto et al. 1998). In glass- 
based fibre compositions, the replacement of Na + by 
Ca 2+ increases fibre durability in saline solutions. 

It is important to distinguish between true disso- 
lution of quartz involving the production of molec- 
ularly dispersed silicic acid and the production of 
mosaic silica (Richardson and Waddams 1955). 
The latter is not a case of true dissolution but a sep- 
aration of fragments of crystalline silica which 
forms a separate phase. 

The effect of potassium permanganate on disso- 
lution gave inconclusive results (Waddams 1958). 



This was thought to result from interaction between 
hydrated manganese dioxide formed when the an- 
ionic vacancies were oxidised and either the centres 
at which dissolution occurs or the silicic acid 
formed. Using H 2 0 2 as oxidant considerably en- 
hanced 48 h solubility values. When the volume of 
air in the tubes used for solubility tests was varied 
from 0 to 50 times the volume of extractant, the ef- 
fects of 48 h solubility values increased noticeable 
over the range covered. Welch (1955) has com- 
mented on the ability of oxidising and reducing at- 
mospheres to modify the reactivity of solids by 
changing the concentrations of lattice defects. 
Thusfar, however, no such simple room-tempera- 
ture effects as those described here have been 
reported. 

There is thus reason to believe that vacancies in 
the quartz lattice play an important role in the fol- 
lowing processes: 

oxidation-reduction phenomena 

luminescence 

chemisorption 

catalysis 

dissolution of monosilicic acid 

It is well known that when quartz particles are ex- 
tracted with water, two forms of silica are liberated, 
ammonium molybdate reactive silica or mono(oli- 
go)silicic acid and non- ammonium molybdate re- 
active silica or polysilicic acid (Ritchie et al. 1952, 
Richardson and Waddams 1955). A saturated so- 
lution of monosilicic acid, probably Si(OH) 4 , con- 
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tains 0.01 % silicic acid (Friedberg and Schiller 
1988). The -Si(0H) 2 -0 chain can crosslink by fur- 
ther elimination of water to give a network (silicic 
acid jelly) and finally colloidal silica with -OH 
groups on the outer surface. 

Polymerisation of monosilicic acid could take 
place on templates (Hasirci 1976, Erdogdu and 
Hasirci 1994). 

Hydration of silica surfaces by the humidity of 
the air prevents desorption of water by vacuum 
evaporation at > 100 °C (Miller and Stober 
1954). The hydroxyl groups at the silica surface - 
frequently called silanol groups - are assumed to be 
the active adsorption sites (Nash et al. 1966, 
Stober and Brieger 1968). As indicated by the re- 
sults of infrared measurements, these are responsi- 
ble for the adsorption of numerous organic com- 
pounds which are attached by hydrogen bonding 
(Stober 1956, Hair 1967). Boehm (1966) and Peri 
and Hensley (1968) ascertained an irreversible de- 
struction of silanol groups at temperatures > 720 K 
favouring the formation of very stable and inactive 
siloxane groups (Si-O-Si). Corresponding to this 
behaviour Robock (1973) observed a drastic de- 
crease of the cytotoxic activity of Dorentrup quartz 
due to heating above 900 K. In aqueous suspensions 
the silanol groups of annealed silica are regenerated 
within several months. This process is accelerated 
by live steam. Thermally stimulated luminescence 
of quartz peaks at about 171, 238 and 257 K 
(Kriegseis et al. 1977). Furthermore, a peak in the 
range between 300 and 350 K as well as a broad 
peak between 400 and 450 K of lower intensity and 
varying temperature position from sample to sam- 
ple, have been detected. Robock and Klosterkot- 
ter (1973) and Robock (1974) have shown that the 
thermally stimulated luminescence of Si0 2 materi- 
als is extremely sensitive to surface treatment. Al- 
terations of the thermally stimulated luminescence 
can be achieved by washing the Si0 2 dusts in hot 
distilled water or by treatment with acids or bases 
(HC1, H 3 PO 4 , NaOH). The effect of heat treatment at 
850 K on the thermally stimulated luminescence 
was dependent on the gas atmosphere (air, N 2 , 0 2 ) 
(Kriegseis etal. 1977). 



On the surface of Ti0 2 hydroxyl groups were de- 
tected by infrared absorption (Yates 1961, Smith 
1964). While after degassing of anatase at 150 °C 
water molecules persisted, at 350 °C two kinds of 
hydroxyl groups absorbing at 3715 and 3675 cm' 1 , 
respectively, remained (Boehm 1966). Under equal 
conditions, rutile showed one band at 3680 cm" 1 . 
Measurements of water vapour adsorption and ad- 
sorption heat (Ganitschenko and Kisselew 1961, 
Ganitschenko et al. 1961, Hollabough and 
Chessik 1961), and of wetting heath in water 
(Wade and Hackerman 1961) indicated that some 
OH groups persisted at the surface of Ti0 2 after de- 
gassing at high temperatures. Mays and Bride 
(1956) measuring nuclear resonance showed water 
to be adsorbed very stable at 350 °C. 

The same considerations apply to the surfaces of 
the many crystalline modifications of aluminium 
oxide (Boehm 1966). Besides a-Al 2 0 3 (corundum) 
there are at least eight oxides mostly classed under 
the term ofy-Al 2 0 3 (cf. Ginsberg et al. 1957). Some 
of these forms may be non-stoechiometric oxide- 
hydroxides. 

5.3.2 

Dust Feed Mechanisms 

Inhalation studies would be the best method for 
testing a dust under physiological and environmen- 
tal conditions. Arnold (1885) in Heidelberg pub- 
lished his experiments on inhalation and metastasis 
of dust in rabbits more than 100 years ago. Modern 
dust feed mechanisms were constructed by 
Wright (1950), LeBouffant (1958), Polley 
(1963), and Hemenway etal. (1983, 1986, 1990). 
Holt and Young (1960) used a Micro Hammer Mill 
for fibre breakdown adapted for dust formation. 
The dust generator of Tanaka and Akiyama (1984) 
consists of a screw feeder supplying a fluidized bed, 
which has an overflow pipe. 



Table 9. Dust inhalation in rats (electron microscopy) 



Type of dust 


Treatment 


No. of rats 


Exposure [h] 


Date 


Magnetite 




5 


152, 160 


Aug. 24, 1967 to Jan. 15, 1968 


Aluminium 




5 


148, 204 


Aug. 16, 1967 to Jan. 15, 1968 


Shale 




2 


320 


1967 


Shale 


Tobacco Smoke 


2 


320 


1967 


Shale 


P 204 


1 


320 


1967 


Co Ni Alloy 




2 


76 


October 2 to 30, 1967 


Melamine resin 




10 


8 l / i , I61/2, 321/2, 621/4, 1251/4 


Jan. 26 to Feb. 16, 1976 



5.3 Dusts 
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5.3.3 

Intratracheal Application 

Since Kettle (1930) and Kettle and Hilton 
(1932) intratracheal instillation has been routinely 
used for exposure of animals to particles. It has the 
advantages of accurate application of test materials 
very rapidly to the lower respiratory tract, bypass- 
ing the upper airways defences as the nose and con- 
fining the dose to a small volume, which reduces 
greatly the amount of equipment after exposure to 
highly toxic, carcinogenic, or radioactive materials. 
However, instillation is a less physiologic method of 
exposure than inhalation. Particles administered by 
instillation may not behave like similar particles in 
an aerosol. After instillation, particles are increas- 
ingly deposited in the basal regions of the lung 
(Brain et al. 1976), and have a significantly less ho- 
mogeneous particle distribution than at inhalation 
exposure (Pritchard et al. 1985, Dorries and 
Valberg 1992). The use of a vehicle for suspending 
may both increase the agglomeration of particles 
and influence the inflammatory response of the 
lung (Henderson et al. 1995). 

5.3.3. 1 

Intratracheal Instillation 

Costa et al. (1986) under enfluorane anaesthesia 
depressed the tongue and illuminated the pharynx 
with a fibre-optic laryngoscope. A bevelled Teflon 
tube was inserted into the trachea to a level just ce- 
phalic of the carina. Injection of the material to be 
delivered was accomplishes rapidly with the use of 
a No. 19 gauge hypodermic needle inserted directly 
into the tracheal tube. Trosic et al. (1996) used ha- 
lothan putting rats for 30 s into a chamber satu- 
rated with the anaesthetic, which has been shown 
to produce a negligible effect of pulmonary mono- 
oxygenases, as well as on cell viability (Morgan et 
al. 1980). 

Brain (1971) increasingly used hamsters since 
they are more resistant to lung diseases than rats 
and have tolerated intratracheal injections better 
than rats. 

In Sprague-Dawley rats, addition of pig’s pulmo- 
nary surfactant (10 mg) to quartz did not influence 
the outcome of any parameter after 5 weeks (Zet- 
terberg et al. 1998). In vitro, respirable fibres 
coated with sheep surfactant released more Fe 3+ 
than native fibres at both pH 4.5 and 7.2 (Fisher et 
al. 1998). 

Intratracheal instillation is a highly artificial sys- 
tem and must be interpreted with great caution 
(Sekhon et al. 1995). The primary mechanism re- 
sponsible for rapid alveolar liquid clearance de- 



Table 10. Intratracheal instillation in the rat 



Volume of the suspension medium 



2 ml 

Belt et al. (1940) 

1.5 ml 

Ray et al. (1951, 1952), King et al. (1953, 1955, 1958), 
Jotten and Klosterkotter (1955) 

1 ml 

Belt etal. (1940), King etal. (1947), Lloyd Davis and 
Harding (1949), Klosterkotter (1952, 1959, 1960), We- 
ber (1952), Attygalle et al. (1956), Schlipkoter and Ro- 
thes (1956), Zaidi et al. (1956), Gross et al. (1958, 1960, 
1966, 1967), Schlipkoter and Lindner (1959, 1961), 
Brockhaus and Schlipkoter (1960), Governa etal. 
(1961), Jerrentrup (1961), Schlipkoter and Brockhaus 
(1961), Antweiler et al. (1962, 1963), Goldstein et al. 
(1962, 1967), Gross (1963), Haubensak (1965), Hoer and 
Steurich (1965), Swensson et al. (1968), Wenzel et al. 
(1969), Hollenbach et al. (1971), Kaw et al. (1971), Kysela 
et al. (1973), Gupta et al. (1974), Singh et al. (1975) 

0.75 ml 

Chvapil et al. (1979) 

0.5 ml 

King etal. (1953), Schlipkoter and Rothes (1956), 
Schlipkoter et al. (1957), Saffiotti and Tommasini De- 
gna 1957-1958, 1958, 1959), Pernis etal. (1958), Schiller 
(1958), Saffiotti (1962), Hoer and Steurich (1965), Reif 
et al. (1965), Rosmanith (1975), Rosmanith and Breining 
(1975), Buscher and Pett (1976), Weller (1977), Mor- 
gan et al. (1980), Berger et al. (1981), Rosmanith et al. 
(1981, 1983, 1995), White et al. (1983), Reisner et al. 
(1983), Hilscher etal. (1991, 1995), Li etal. (1991, 1993), 
Arden and Adamson (1992), Bruch et al. (1993), Torn- 
ling et al. (1993), Brammertz et al. (1995), Friemann et 
al. (1995), Sekhon et al. (1995), Adamis et al. (1997), Di- 
Matteo and Reasor (1997), Leigh et al. (1997), Nehls 
et al. (1997), Toya et al. 1997), Zetterberg et al. (1998) 

0.4 ml 

Trosic et al. (1996) 

0.3 ml 

Fritsch et al. (1975), Castranova et al. (1991), Ma et al. 
(1999), Nelin etal. (2002) 

0.25 ml 

Green et al. (1981) 

0.2 ml 

Morimoto et al. (1997), Bonner et al. (1998) 

0.5 ml/kg 

Gross et al. (1977) 



pends on the ability of the alveolar epithelium, in 
particular alveolar epithelial cells, to increase Na 
transport from the alveolus to interstitium through 
the stimulation of apical Na channels and basolater- 
ally located Na,K-ATPase (Pittet et al. 1994). Cle- 
rici (1998) reviewed the modulation of the sodium 
transport in alveolar epithelial cells by 0 2 tension. 

However, insoluble suspensions tend to localise 
in the medium-sized bronchi and seldom reach the 
alveoli (Brain et al. 1976). 
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5. 3.3. 2 

Intratracheal Inhalation 

A method of particle exposure whereby anaesthe- 
tised rats intratracheally inhale, at regulated breath- 
ing rate and pressure, an aerosolised test material 
has been developed by Osier et al. (1997). Leong 
et al. (1998) inserted the tip of a nebulization probe 
through the otoscope speculum to approximately 
5 mm beyond the vocal cord into the trachea of an 
anaesthetised rat. During administration of the 
aerosol, the operator followed the slow respiratory 
thoracic movements of the anaesthetised rat and 
manually triggered the nebulization system during 
the inspiratory phase at intervals of three to five 
breaths. In each activation, 10 pi of Pelikan drawing 
ink (Diazo dye, 17 Black; Pelikan AG) was aeroso- 
lised by a puff of air. Each puff was 5 ml, which ap- 
proximates to the volume of lungs fully inflated in 
situ but is larger than the average tidal volume, 
which was determined to be approximately 1.55 ml 
for an anaesthetised rat of approximately 250 g in 
body weight (Crosfill and Widdicombe 1961). 

5.4 

Pharmaca 

JV-Benzhydryl-JV’-p-hydroxybenzylpiperazine HC1 

(Cas 72-0031, UCB F 241; 5 mg/kg x day) was in- 
jected intraperitoneally to rats 30 min before start- 
ing hypoxic exposure. 

Carbocromene (15 mg/kg x day, 30 mg/kg x 
day) was applied to rats either intraperitoneally or 
by gastric intubation. 

Cortisone acetate (10 mg/kg x day) was given to 
mice in order to antagonise the acute toxicity of Ae- 
rosil® (Schiller 1952) and to delay silicotic fibro- 
sis (Schiller 1951, 1954). 

Diethylstilbestrol dipropionate (12.5 pg/kg x 
day) was given to 25 male mice for 39 days. 

Isotactic sodium polyacrylate (8-12kDa; 
150 mg/kg) was given once intraperitoneally to 
NMRI mice. The drug was synthesised by Muck 
et al. (1977) and kindly supplied to me by Dr. Roily. 

Molsidomine (5,000 ppm) was added to the food 
(powdered Altromin® R) of rats. 

Pilocarpinum hydrochloricum (1 mg/kg) was 
given subcutaneously to 3 female rats (breeder: 
Winkelmann, Borchen-Kirchborchen) weighing 
228-248 g. The animal were sacrificed 30 min, 
60 min and 120 min later, respectively. 

Piracetam (2-oxo-l -pyrrolidine acetamide) was 
given intraperitoneally to rats 30 min before starting 
hypoxic exposure. In old Wistar rats, 400 mg pirace- 
tam per kg body weight x day were added to the 
food (powdered Altromin® R) and drinking water. 



Poly-2-vinylpyridine JV-oxide with a molecular 
weight > 40,000 dissolved (8 %) in physiological sa- 
line and injected intraperitoneally into mice may be 
retained (Hasirici and Holt 1977) and reduce fur- 
ther cytotoxic effects of silica. After inhalation of 
micronized solid particles by rats, the drug was 
found in lysosomes of alveolar macrophages 
(Schiller 1971). Transition metal complexes of 
pyridine JV-oxide were prepared and characterised 
by Carlin (1961). The metal ions tend to attain 
their maximum coordination number towards pyri- 
dine JV-oxide as a ligand. The complexes were de- 
composed rapidly when placed in water. Pyridine 
JV-oxide is very hygroscopic but only the manga- 
nese complex is affected by standing in air. With 
iron perchlorate, pyridine JV-oxide yields a yellow 
complex: [FeJCsHsNOJeKClCh^-CsHsNO. With cop- 
per there are two complexes, a green-blue one, 
[Cu(C 5 H 5 N 0 ) 4 ](C 104 ) 2 , and a yellow-green one of 
739 nm, [Cu(C 5 H 5 N0) 6 ](C10 4 ) 2 . 

Retinol palmitate (82.5 mg Arovit®/kg) was 
given to 5 female rats (breeder: Winkelmann, 
Borchen-Kirchborchen) weighing 252±4g five 
times a week from April 17 to June 20, 1967, that 
were 45 applications at all. 

Testosterone propionate (2.5 mg Testoviron®/kg 
x day) was injected subcutaneously into 10 male 
mice for 30 days. 

Thyroxine (12,500 ng/ kg x day) was given sub- 
cutaneously to 5 female rats (breeder: Winkelmann, 
Borchen-Kirchborchen) weighing 239 ± 4 g) five 
times a week from April 12 to June 20, 1967. 

a-Tocopherol acetate (Ephynal®) was injected 
intramuscularly to 5 female rats (breeder: Winkel- 
mann, Borchen-Kirchborchen) weighing 246±5g 
five times a week from April 12 to June 12, 1967. 




Fig. 54. Polyvinylpyridine N-oxide, micronized. Gold coating. 
Cambridge Stereoscan 150 operated at 9.9 kV. APh-R. 213/80, 
negative 03 941 
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5.5 

Animals 

40 Dogs weighing 20-30 kg were given 1 ml Combi- 
len® i.m. 60 min before intravenous thiopental an- 
aesthesia (5-10 mg/kg). After 1 mg succinyl cho- 
line/kg intravenously the animals were intubated 
for nitrous oxide narcosis (N 2 0:0 2 = 3:1). The an- 
terior descending and circumflex branches of the 
left coronary artery were exposed and an Ameroid 
constrictor (Litvak et al. 1957) with 2.5 mm diam- 
eter was set. Epicardiectomy, cardio-pneumopexy, 
and omentopexy were performed to induce collat- 
eral circulation (for details of operation techniques 
see Wernitsch 1970). 



Table 1 1 . Ameroid constrictors in dogs 



Experimental group 


n 


Survival 

[days] 


Extracoronary 
collateral vessels 


Controls 


10 


19.6± 1.3 


_ 


Epicardiectomy 


10 


21.2 ± 1.4 


no 


Cardiopneumopexy 


10 


23.6 ± 1.9 


no 


Cardioomentopexy 


10 


126.5±22.0 


moderate to 
numerous 



Winkelmann (Borchen-Kirchborchen, Westpha- 
lia), Sprague-Dawley (Charles River, France) and 
Wistar rats of either sex were used in the experi- 
ments. They were fed Altromin® R ad libitum. 

5.6 

Tissue Culture 

The recent development of culture systems for the 
growth and transformation of respiratory epithelial 
cells (Marchok et al. 1977, 1978; Terzaghi and 
Nettesheim 1979; Woodworth etal. 1982; Wu 
et al. 1982; Lechner etal. 1983; Pai etal. 1983; 
Thomassen et al. 1983; Nettesheim and Barrett 
1984) will make it possible to study the potential 
transforming effects of silica particles directly on 
epithelial cells. It is possible that combined culture 
systems in which macrophages and/or cell cultures 
may provide versatile in vitro models to investigate 
cell to cell interactions and the role of silica in mul- 
ticellular pathways. 

Bion et al. (2002) prepared slices from rat lungs 
instilled with agarose and cleared of blood elements 
by vascular perfusion. Slices were positioned on the 
titanium grid of a Teflon rolling insert (Vitron) and 
placed into vials with open caps allowing free ac- 
cess to the gaseous phase. One hour after seeding 
the medium was renewed. Slices were then exposed 
(typically for 3 h) to a continuous flow of diluted 
diesel exhaust through the rotating chambers. 



For the cultivation of airway epithelial cells, the 
cells are usually plated onto tissue culture plates 
coated with collagen or extracellular matrix compo- 
nents. Hormonally defined Ham’s F12 medium con- 
tained 1 % penicillin- streptomycin, 5 itg/ml insulin, 
5 ug/ml transferrin, 25 ng/ml epidermal growth 
factor, 15 ug/ml epithelial growth factor supple- 
ment, 2 x 10' 11 M triiodothyronin, and 10' 7 M hy- 
drocortisone. 

To induce and maintain differentiated morphol- 
ogy, in a double chamber culture system described 
by Clark etal. (1995) bronchial epithelial cells 
were plated on the upper chamber of Trans Well 
culture plates in hormonally supplemented Ham’s 
F12 medium. After 7 days the epithelial cells 
showed a ciliated differentiation (Takizawa 1999). 

To facilitate studies of tracheal epithelium from 
transgenic mouse models of human disease, David- 
son et al. (2000) have developed a primary culture 
model of differentiated mouse tracheal epithelium. 
When grown on semipermeable membranes at an 
air interface, dissociated cells formed confluent po- 
larised epithelia with high transepithelial resis- 
tances (~12kQ-cm 2 ) that remained viable for up 
to 80 days. 

An exposure system for adherent growing cells 
to native gaseous compounds was developed by 
Ritter etal. (2001) using air/liquid culture tech- 
niques on the basis of the Cultex system (Patent No. 
DE 19801763/PCT/EP99/00295). Exposures of hu- 
man lung fibroblasts (Lk004 cells) and human lung 
epithelial cells (HFBE-21 cells) to synthetic air, 
ozone (202 ppb, 510 ppb) and nitrogen dioxide 
(75 ppb to 1200 ppb) established that cells could be 
treated for 120 min without significant loss of cellu- 
lar viability. At the same time, the experiments con- 
firmed that such exposure times are long enough to 
detect biological effects of environmentally relevant 
gas mixtures. The analysis of viability (viable cell 
number, tetrazolium salt cleavage) and intracellular 
endpoints (oxidised/reduced glutathione, ATP/ 
ADP), showed that both gases induced relevant cel- 
lular changes. 

Assays that employ pulmonary alveolar macro- 
phages have demonstrated good correlation be- 
tween macrophage toxicity and pulmonary fibro- 
genicity for many inorganic compounds (Fisher 
and Placke 1987). Fisher et al. (1983), Valentine 
and Fisher (1984), Zeller etal. (1992, 1993), 
Gercken et al. (1993), and Brehm (1996) used bo- 
vine macrophages, as one typical harvest from a 
mouse lung supplies only 10 5 cells, and from a rat 
lung 10 6 cells, whereas an in vitro macrophage assay 
may well utilise 10 7 to 10 8 pulmonary alveolar mac- 
rophages, which can be harvested from a single 
lobe of cattle. 
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After adherence to plastic dishes in an experi- 
mental culture system, an impressive number of 
genes associated with the inflammatory response 
are expressed, for example, IL-1|3, TNF-a, and IL-8. 
In the 5’-upstream region of these inducible genes, 
the transcription factor NFxB binding site is com- 
monly found (Juliano and Haskill 1993). The mes- 
senger RNA stability element, AUUUA, is also com- 
monly found in the 3’-untranslated region of these 
mRNAs. Adhesion may be sufficient for activation 
of NFxB to induce these genes and to suppress the 
degradation rates of the mRNAs of these genes in 
monocytes. In human mononuclear cells the elastin 
receptor is linked to a pertussis toxin- sensitive G- 
protein which activated phospholipase C, resulting 
in a rapid mobilisation of the phosphoinositol path- 
way, activation of phosphokinase C, production of 
diacylglycerol, and a rapid increase in intracellular 
free calcium (Jacob et al. 1987). Another important 
function of the elastin receptor in mononuclear 
cells is the rapid increase in 0 2 consumption ac- 
companied by the extrusion of elastase and cathep- 
sin G from polymorphonuclear leucocytes as well 
as the liberation of superoxide radical anion 
(Labat-Robert and Labat 2000). The repeating 
hexapeptide, Val-Gly-Val-Ala-Pro-Gly, present in 
seven copies in the human elastin gene, was shown 
to be chemotactic to monocytes and fibroblasts 
(Senior et al. 1984). Brehm et al. (1996) showed 
that the process of cell adherence per se generated 
reactive oxygen species with a peak about 20 min 
after transferring the suspended macrophages into 
the Biolumat test tubes; basal activity was regained 
approximately 100 min later. Another, although 
lower peak of lucigenin-enhanced chemilumines- 
cence occurred about 20 min after twice washing by 
Veronal buffer to eliminate non-adherent cells and 
other materials. 

To detach mononuclear phagocytes adhering to 
glass or plastic surfaces, trypsinisation was usually 
ineffective (Nathan 1981). Trypsin removed about 
one-quarter of the total sialic acid and L-fucose 
from the BHK 21 /Ci 3 cell and 10% of the protein, a 
considerable degree of damage (Buck et al. 1970, 
Warren and Buck 1974). Repair took place by 
turnover. Trypsin altered phagocytic receptors (Un- 
keless 1978). Scraping with a rubber policeman in 
divalent cation- deficient media at low temperature 
often gave low yields and poor viability. Stewart 
(1981) did not find any procedure for removing all 
monocytes in a viable state. 

The optimum of the cell number was 1 x 10° 
macrophages per vial. Johnston et al. (1978) and 
Bielefeldt Ohmann and Babiuk (1984) found an 
inverse relationship between 0 2 *“ release and cell 
density, i.e. mg cell protein per culture. This effect 



has to be considered only when cells are assayed af- 
ter adherence, as found by Badwey et al. (1983). 

5.7 

Detection of Reactive Species 

5.7.1 

Electron Spin Resonance (ESR) 

Electron spin resonance (ESR) is a technique that 
can be applied to free radicals, since it detects the 
presence of unpaired electrons. An unpaired elec- 
tron has a spin of either + l /i or - l /i and behaves as 
a small magnet. If it is exposed to an external mag- 
netic field, it can align itself either parallel or anti- 
parallel (in opposition) to that field, and thus can 
have two possible energy levels. If electromagnetic 
radiation of the correct energy is applied, it will be 
absorbed and used to move the electron from the 
lower energy level to the upper one. Thus an ab- 
sorption spectrum is obtained, usually in the mi- 
crowave region of the electromagnetic spectrum. 

ESR is a very sensitive method and can detect 
radicals at concentrations as low as 10" 10 mol l' 1 , 
provided that they stay around long enough to be 
measured. Highly reactive radicals, by normal ESR, 
are allowed to react with a compound to produce a 
long-lived radical. When a radical is spin trapped, 
what one observes via EPR is not the radical itself 
but an adduct of the radical. Perkins (1980) in his 
review of spin trapping, points out four questions 
which must be addressed when desingning a spin 
trapping experiment. 

1. Will the spin trap participate in reactions other 
than those with reactive radicals generated in the 
experiment? Can these alternative reactions 
yield nitroxides, which will appear as spin ad- 
duct impostors? 

2. How ready can the spectrum be interpreted and 
the structure of R* be determined? 

3. How fast is the trapping reaction, and how stable 
are the spin adducts formed? 

4. Does the appearance of a spin adduct signify a 
major reaction pathway, or can it be a minor side 
reaction? 

To these questions Mottley and Mason (1989) 
have added a fifth. 

5. Is there an isotopically labelled ( 13 C, 2 H, 17 0 15 N, 
etc.) material available for partial proof of struc- 
ture? If not, is there an independent synthesis for 
the spin adduct? 

The ‘ideal’ trap should react rapidly and specifically 
with the radical one wants to study, to produce a 
product that is stable and has a high characteristic 
ESR spectrum. 
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Spin trapping methods have often been used to 
detect the presence of superoxide and hydroxyl 
radicals in biological systems (Harbour and Bol- 
ton 1975), and also the formation of organic radi- 
cals during lipid peroxidation. 

Bronchoalveolar lavage cells (1 x 10 6 ) suspended 
in Dulbecco’s phosphate buffered saline (0.5 ml) con- 
taining 5,5-dimethyl- 1-pyrroline-l -oxide (DMPO; 
100 mM) in duplicate samples, one with and one 
without superoxide dismutase (500 units/ml) by 
electron paramagnetic resonance measurements re- 
corded superoxide anion generation at sites of anti- 
gen challenge (Sanders et al. 1995). 

Spin trapping is generally considered the most 
specific technique for hydroxyl radical detection. 
DMPO reacts with HO' to yield 2,2-dimethyl-5- 
hydroxy-pyrrolidinyloxyl (DMPO-OH). However, 
DMPO-OH is also a decomposition product of 
DMPO-OOH generated by 0 2 '“, making it unreli- 
able as evidence for HO* production (Britigan et 
al. 1986, Cohen et al. 1988). The decomposition 
products of DMPO-'OOH are ERP-silent except for 
is reduction product DMPO/'OH. The decomposi- 
tion of DMPO/’OOH has been widely reported to 
form HO* as a minor product, but even this has 
been questioned (Buettner 1993). 

H 

+ HO' - 



5,5-Dimethyl-1 -pyrroline-1 -oxide-HO' adduct [8] 





HO’ reacts with dimethyl sulfoxide (DMSO) to form 
methyl radical (Britigan et al. 1986). 

O O 

ii ii 

H 3 C — S — CH3 + H0 — »--CH3 + H3C — S-OH 

Formation of methyl radical (*CH 3 ) [9] 



When DMSO is present in excess of DMPO as in the 
study of Britigan et al. (1988), HO" production is 
manifested primarily as DMPO-CH 3 , providing a 
more specific detecting system for HO’. 

o.-(4-Pyridyl- 1 -oxide)-N-ferf-butyl-nitrone 
(POBN) was chosen for spin-trap by Gonthier et 
al. (1991) because of its solubility in water and 
buffer and because of its relative stability in the 
presence of light and oxygen. A phosphate buffer 
was preferred to the more commonly used Tris- 
buffer, because it did not give an ESR signal in their 
mixtures whereas with Tris, a signal was observed 
with splitting constants (a N = 15.79 G and a p H = 
2.84 G) corresponding to a Tris-derived free radical 
adduct (Saprin and Piette 1977). 



Tertiary peroxyl radicals can be detected directly 
by electron spin resonance (Kalyanaraman et al. 
1983). However, primary and secondary alkylper- 
oxyl radicals disproportionate with a nearly 
diffusion-controlled, bimolecular rate constant 
(Bennett 1987, Nikolaev et al. 1992) and, there- 
fore, have extremely short lifetimes and cannot be 
observed directly in biological samples. However, 
using 17 0-isotope labelling, the methylperoxyl and 
methoxyl radical adducts should be distinguish- 
able. Dikalov and Mason (1999) suggested that 
detection of 17 0-alkoxyl radical adduct from 17 0- 
labelled molecular oxygen can be used as indirect 
evidence for peroxyl radical generation. 

For quantification of basal vascular nitric oxide 
(’NO) production from isolated vessels, Kleschyov 
et al. (2000) incubated rabbit aortic or venous strips 
with 250 pM colloid Fe/diethyldithiocarbamate, 
which resulted in a linear increase in tissue- 
associated NO-Fe/diethyldithiocarbamate electron 
paramagnetic resonance signal during 1 h. Removal 
of endothelium or addition of 3 mM f/'-nitro-L- 
arginine methyl ester inhibited the signal. 

A water-soluble iron complex with N-dithiocarbo- 
xysarcosine has been developed as an electron spin 
resonance spin trapping agent for "NO and success- 
fully applied to electron spin resonance imaging for 
endogenous ’NO production in mice. Kosaka and Ya- 
neyama (2000), however, attempting to measure ’NO 
from purified neuronal NO synthase (EC 1.14.13.39) 
by this method did not detect 'NO. The complex 
markedly inhibited NOS activity with IC 50 value of 
9.7 ±0.7 pM in citrulline formation assay. N-Dithio- 
carboxysarcosine alone did not inhibit the activity. An 
iron complex with N-methyl-D-glucamine dithiocar- 
bamate, similar spin trap for 'NO, also inhibited the 
activity with IC 50 value of 25.1 ±2.9 pM. Iron-N-di- 
thiocarboxysarcosine suppressed cytochrome c and 
ferricyanide reduction activities of nNOS. Iron-N- 
dithiocarboxysarcosine complex markedly increased 
the nNOS-mediated NADPH oxidation. 

Using ESR Hochstrasser and Antonini (1972) 
studied dangling bonds created and maintained un- 
der ultrahigh vacuum on silica surfaces. The E’ s 
centres are formed by an unpaired electron trapped 
on a surface silicon atoms and thus are Si dangling 
bonds. The signal was stable for months in ultra- 
high vacuum or in an inert atmosphere, such as ar- 
gon. The presence of alkali ions lowered the num- 
ber of E’ s centres. An ESR study of radicals formed 
by adsorption of C0 2 was made by Lunsford and 
Jayne (1965). The C0 2 ' _ signal overlaps the E\ one, 
but can be separated from it by graphical differ- 
ence, or, better, by the fact that, contrary to E\, it 
does not saturate, even at 1 mW microwave power 
(Hochstrasser and Antonini 1972). 
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5.7.2 

Chemiluminescence 

Holzapfel et al. (1960) found that a sample of 
quartz dust excited by X-rays for 1 s would emit 
13,000 photons within 2 s. 

Robock and Klosterkotter (1971) excited 
dust samples suspended in Tyrode solution (pH 
7.2) by X-rays (2.8 x 10 4 r) and measured the lumi- 
nescence as a function of wave length in the range 
of 200 to 550 nm and as a function of the tempera- 
ture in the range of 20 °C to 50 °C using a multiplier. 

We used a LB 9505 multidetector unit for the si- 
multaneous and continuous recording of lumines- 
cence from six samples (Berthold and Maly 
1987). This instrument is equipped with six 
rubidium-bialkali photomultiplier tubes placed in 
close proximity to the vials inside six independent 
counting chambers. Reflectors ensure optimum 
counting efficiency. Each measuring chamber has 
its own temperature control. Since the results from 
all six detectors should allow direct comparison, 
they were standardised by determination of its indi- 
vidual sensitivity constant (/.-factor). 

The emission of light as a result of the formation 
of reactive oxygen metabolites can be amplified 
substantially (3 to 4 orders of magnitude) in the 
presence of suitable “chemilumigenic probes”. Al- 
though both lucigenin and luminol have been 
widely used, a controversy exists concerning 
whether they act as both substrate and generator of 
some reactive oxygen species. 

Lucigenin (10,10’-dimethyl-9,9’-biacridinium 
nitrate) -dependent phagocytic chemiluminescence 
was described by Williams and Cole (1981) for 
the assessment of alveolar macrophage metabolic 
activity in response to stimulation by opsonised 
particles or soluble agents. The requirement for su- 
peroxide anion (0 2 '“) in the production of chemilu- 
minescence was suggested by inhibition (95 %) us- 
ing superoxide dismutase. However, lucigenin must 
be univalently reduced before it reacts with 0 2 *~ 
yielding an unstable dioxetane, the decompensation 
of which to the acridone is on the light-yielding 
pathway; and univalently reduced lucigenin readily 
autoxidizes, with production of 0 2 *“. Thus lucige- 
nin, like paraquat, or nitroblue tetrazolium, can 
mediate 0 2 "“ production in systems not producing 
0 2 '“ in the absence of these redox active compounds 
(Liochev and Fridovich 1997). Barber et al. 
(1997) reported a lucigenin-enhanced chemilumi- 
nescence signal emanating from human saphenous 
veins that was not inhibited by superoxide dismu- 
tase and lasted for more than 24 h. A larger 
lucigenin-enhanced chemiluminescence signal with 
similar properties was produced by saphenous 



veins that had been dehydrated. A similar, non su- 
peroxide dismutase-inhibitable lucigenin-enhanced 
chemiluminescence was produced with a variety of 
phospholipids and phosphatidic acid. The absolute 
magnitudes of modifications in cardiac muscle- 
derived chemiluminescence during hypoxia and re- 
oxygenation need to the interpreted with caution, 
since they could be affected by processes that po- 
tentially alter the sensitivity of the lucigenin 
method, such as changes in the redox state, pH, and 
alternations in lipid metabolism (Xie et al. 1998). 

Incubation of isolated mitochondria with lucige- 
nin at non-redox cycling concentration produced 
lucigenin-derived chemiluminescence (LDCL), 
which was increased markedly by mitochondrial 
substrates, pyruvate/malate or succinate (Li et al. 
1999). The LDCL was reduced greatly by the mem- 
brane permeable superoxide dismutase mimetics, 
2,2,6,6-tetramethylpiperidine-N-oxyl and Mn(III)- 
tetrakis(l-methyl-4-pyridyl)porphyrin, but not by 
Cu,Zn-superoxide dismutase. With an ion-pair 
HPLC method, a concentration-dependent accumu- 
lation of lucigenin was detected within mitochon- 
dria. The accumulation of lucigenin by mitochon- 
dria was reduced markedly in the presence of car- 
bonyl cyanide p-(trifluoromethoxy)phenylhydra- 
zone, an uncoupler known to dissipate the mito- 
chondrial membrane potential. With submitochon- 
drial particles, (Li et al. 1999) observed that both 
complexes I and III of the mitochondrial electron 
transport chain appear to be able to catalyse the 
one electron reduction of lucigenin, a critical step 
involved in LDCL. After incubation of mitochon- 
dria with lucigenin at non-redox cycling concentra- 
tions, formation of N-methylacridone (formula 
[10]), the proposed end product of the reaction 
pathway leading to LCD, within the mitochondria 
fraction was also detected. 

The use of lucigenin chemiluminescence as a 
measure of 0 2 ’“ has been questioned because luci- 
genin has been shown to be capable of mediating 
the production of 0 2 '~. Nevertheless, perhaps be- 
cause of the convenience and sensitivity of lumines- 
cence methods, the use of lucigenin 24 as a measure 
of O 2 ’“continues. 

Lucigenin enhances the rate of cytochrome c re- 
duction with xanthine as substrate, but does not in- 
crease the rate of xanthine oxidation (Afanas’ev et 
al. 1999). When NADH is used as a substrate, luci- 
genin inhibits the SOD-dependent components of 
cytochrome c reduction and enhances both the 
SOD-independent cytochrome c reduction and 
NADH oxidation, being a sole acceptor of an elec- 
tron from the enzyme. 

Spasojevic et al. (2000) presented cyclic voltam- 
metry data that established the redox potential of 
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Reaction of lucigenin with reactive oxygen species [10] 



lucigenin 2+ in aqueous and media and which is 
compatible with its previously demonstrated ability 
to redox cycle with production of 0 2 ’~. The reduc- 
tion potential for lucigenin is -0.14 ±0.02 V versus 
the normal hydrogen electrode. This value applies 
to both the first and the second electron transfers to 
lucigenin and it is in accord with the facile media- 
tion of 0 2 *~ production by this compound. 

Common quinone radicals Q'“ react with 0 2 
much faster than lucigenin’ + , raising the possibility 
that some quinones could act as redox mediators in 
lucigenin' + /0 2 redox cycling. This is a further com- 
plication in the use of lucigenin 2+ (Wardman and 
Vojnovic 1999). 

Chemiluminescence assays with rabbit vascular 
rings or homogenates showed preferential signals 
with NADPH (vs. NADH) with 5 and 50 uM lucige- 
nin, which were blocked by diphenylene iodonium, 
superoxide dismutase, or its cell-permeable mi- 
metic MnTBAP (Janiszewski et al. 2002). With 
250 /aVI lucigenin, the relative signal with NADH 
became larger than with NADPH, and was poorly 
inhibited by all three antagonists above. All super- 
oxide dismutase/diphenylene iodonium-resistant 
signals were effectively blocked by the electron ac- 
ceptor nitrobluetetrazolium. Spin trapping with 
5,5-dimethyl-l-pyrroline-l-oxide showed an ap- 
proximate doubling of DMPO-OH radical adduct 
signal upon addition of 5 uM lucigenin to rabbit 
vascular homogenates incubated with either 



NADPH or NADH. With 50 or 250 ,uM lucigenin, 
much larger increases were observed with NADH, 
as opposed to NADPH. Oxygen consumption meas- 
urements showed analogous results. 

In a rat liver microsomal system, both ascorbic 
acid and glutathione (GSH) as scavengers effec- 
tively diminish lucigenin amplified chemilumines- 
cence in a concentration dependent manner to 
almost zero (Klinger et al. 1996). The spin trap 
substance N-f-butyl-a-phenylnitrone (C n H 15 NO) 
diminished lucigenin amplified chemiluminescence 
more effectively than luminol amplified chemilumi- 
nescence. 

Hepes [4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid], Tricine [N-[2-hydroxy-l,l-bis(hydro- 
xymethyl)ethyl] -glycine) and Tris [2-amino-2-hy- 
droxymethylpropane-l,3-diol] are efficient scaven- 
gers of HO" radicals (Hicks and Gebicki 1986). 
Rate constants for the reactions of these commonly 
used buffers and hydroxyl radicals as measured us- 
ing steady-state competition kinetics with thymine 
were 5.1 x 10 9 , 1.6 x 10 9 and 1.1 x 10 9 1 • mol" 1 • s' 1 , 
respectively. The findings that under some condi- 
tions not all the HO’ radical damage is inhibited by 
these buffers (Greenwald and Moy 1980, Burk 
1983, Yukawa et al. 1983) suggests either that the 
secondary radicals derived from the buffers can ini- 
tiate damage or that the HO’ radicals are produced 
at sites inaccessible to the buffer molecules. There is 
a growing body of evidence for ‘site-specific’ forma- 
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tion of H0‘ which is not affected by scavengers pre- 
sent in the aqueous phase (Samuni et al. 1981, 
1983). 

Any contact with phenol red long before cell cul- 
ture increased lucigenin-enhanced chemilumines- 
cence (Brehm 1996). A carbon-centred radical is 
formed via a one-electron transfer (Senne and 
Marple 1970). This radical is a very bulky and ste- 
rically hindered species that cannot be dispropor- 
tionated quite rapidly. 




' If 




Phenol red radical anion [11] 



A more sensitive assay for peroxidase using a new 
chemiluminescent reagent based on 10,10’-dime- 
thyl-9,9’-biacridinium nitrate was obtained by light 
irradiation of lucigenin in an organic polar solvent 
as N,N-dimethylacetamide (Katsuragi et al. 2000). 
The detection limit for peroxidase activity using 
this reagent is 10' 19 mol/assay. The reagent was sta- 
ble for more than a year. 

Luminol- dependent chemiluminescence shows 
very little ability to discriminate between individual 
oxygen or radical species (Vilim and Wilhelm 
1989). Furthermore, in biological systems it is ex- 
tremely prone to interfere with reactive oxygen spe- 
cies metabolising enzymes. As it cannot be totally 
inhibited by superoxide dismutase, it might be only 
partially 0 2 *'-dependent. Luminol-peroxidase reac- 
tion catalysed by peroxidases is useful for the detec- 
tion of peroxides and active oxygen species (Seitz 
1978, Jones and Hancock 1994). Luminol oxida- 
tion by horseradish peroxidase in the presence of 
H 2 0 2 at pH 8.3, has been documented, and it was 
concluded that the luminol oxidation proceeds by a 
one-electron transfer similar to oxidation of other 
electron donors (Cormier and Pritchard 1968). 
The luminol oxidation at pH 7.0 gave an increase in 
adsorbance at 400 nm (Nakamura and Nakamura 
1998). One- or two-electron oxidations of luminol 



by peroxidases initiate the reactions that lead to 
light emission. The one- or two-electron oxidations 
of luminol may be explained on the basis of the 
mechanism of peroxidase reactions. The resulting 
common precursor after the oxidation of luminol is 
concluded to be an azaquinone, which reacts subse- 
quently with H 2 0 2 to form excited aminophthalic 
acid. 




In a rat liver microsomal system, both ascorbic acid 
and glutathione (GSH) as scavengers effectively di- 
minish luminol amplified chemiluminescence in a 
concentration dependent manner to almost zero 
(Klinger et al. 1996). 

When concentrations of superoxide anion are 
very low, assay sensitivity may need to be en- 
hanced. Some enhancement reagents, such as indo- 
phenol, are phenolic-based compounds. Unfortu- 
nately, such enhancers are toxic to live cells and de- 
naturing to some components of subcellular sys- 
tems; hence, they cannot be used for in situ assays. 
LumiMax™ increases photon output but is nontoxic 
and does not denature cellular components used in 
assaying live cell activity (Hoang and Pfeffer- 
korn 1998). 

The pool of enzymes which are in charge of the 
destruction of the free radicals resulting from an 
oxidative shock is found in the cytoplasmic mem- 
brane as well as in the mitochondrial ones. As the 
molecule of luminol is smaller than that of lucige- 
nin it may enter the cell and react with the reactive 
oxygen species generated in the mitochondria, 
while lucigenin is only capable to detect the species 
discharged into the environment. 

Luminol can react intracellularly as well as extra- 
cellularly and produces light in the simultaneous 
presence of H 2 0 2 and a variety of co-oxidators (but 
not 0 2 *~). Bottu (1991) injected a H 2 0 2 solution in 
phosphate buffer (pH 7.2) with luminol and Fe 2 + 
(from Mohr’s salt, (NH 4 ) 2 [Fe (n> (S0 4 ) 2 ]) producing a 
brief flash of light. The luminescence could be 
strongly quenched by the typical HO* quenchers 
ethanol, f-butanol, mannitol and sodium benzoate 
and also by SOD. This suggested that luminol re- 
acted first with HO* and then with 0 2 ’ - , both being 
produced in the reaction medium: 
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Fe 2+ + H 2 0 2 


— *- Fe 3+ + HO - + HO' 


[13] 


H 2 0 2 + HO' 


— ► o 2 -+h 2 o + h+ 


[14] 


Fe 3+ + H 2 0 2 


— »- Fe 2+ + 0 2 “ + 2 H + 


[15] 



Cl* injected into a buffered solution of luminol and 
H 2 0 2 produced a brief flash of light, while a solution 
of luminol and H 2 0 2 injected into a solution of 
horseradish peroxidase produced luminescence that 
rose fast and decayed slowly (with a half-life of 85 s). 

CI0- + H 2 0 2 — C|-+H 2 0 + '0 2 [16] 

In monocytes, luminol-enhanced chemilumines- 
cence is an entirely extracellular event requiring 
both the release of myeloperoxidase and the gener- 
ation of superoxide (Albrecht and Jungi 1992). 

Both “spontaneous” and zymosan (0.5 mg/ml fi- 
nal concentrationj-stimulated luminol-enhanced 
chemoluminescence of normal and Trypanosoma 
cruzi - infected mouse peritoneal cells were inhibited 
by 100 /rM azide and by 0.8 /tM superoxide dismu- 
tase, suggesting the involvement of hemoproteins 
and superoxide anion in the measured responses 
(Cardoni et al. 1990). 

The different sensitivity of lucigenin and luminol 
to reactive oxygen species is reflected by some op- 
posite results with certain compounds demon- 
strated by a low correlation coefficient for luci- 
genin- versus luminol-amplified chemilumines- 
cence (Muller-Peddinghaus and Wurl 1987). 

The inactivation of aconitase (EC 4. 2. 1.3) by 0 2 ’ - 
(Gardner and Fridovich 1992, Gardner et al. 
1995) is one assay for intracellular 0 2 '~ which is reli- 
able, although technically demanding (Liochev 
and Fridovich 1997). 

Pholasin® is the photoprotein of the marine, 
rock-boring bioluminescent mollusc, Pholas dacty- 
lus, otherwise known as the common piddock. It 
emits light in the presence of superoxide anion, sin- 
glet oxygen, nitric oxide and possibly hydroxyl rad- 
ical and/or ferryl radical. A variant of the test for 
halogenated oxidants is based on the use of chlora- 
mine T which when added to Pholasin® will result 
in the emission of light. The presence in the sample 
being tested of antioxidants capable of scavenging 
chloramine T will result in inhibition of emitted 
light. On its own, Pholasin® does not emit light. 

Nitric oxide synthase dependent chemilumines- 
cence (counts per min with zymosan minus counts 
per min with zymosan + AT'-nitro-L-arginine meth- 
ylester) was determined as the amount of zymosan- 
stimulated chemiluminescence that was inhibitable 
by 1 mM AP’-nitro-L-arginine methylester added 
during the preincubation period (Jorens et al. 
1993). 



Firefly luciferase is an enzyme isolated from the 
biolucent organism photinus pyralia and can cata- 
lyse its substrate luciferin and coenzyme A to pro- 
duce luminescence in the presence of adenosine tri- 
phosphate and 0 2 (Gould and Subramani 1988, 
Kricka 1988). Zhang et al. (1994) transfected the 
luciferase gene into two murine tumour lines, i.e. 
cl 62 melanoma and Ml 09 lung carcinoma, and de- 
termined the luciferase activity associated with the 
cells by a rapid chemiluminescent reaction. Brehm 
(1996) quantified ATP in bovine alveolar macro- 
phages after phagocytosis of micronized quartz un- 
der the influence of Fenton catalysts. 

5.7.3 

Tetrazolium Compounds 

Various tetrazolium compounds, introduced into 
enzyme research by Kuhn and Jerchel (1941) and 
Fakon (1942), are reduced to scarlet-red (2,3,5- 
triphenyl-2H-tetrazolium), purplish (neoetrazo- 
lium) or blue (ditetrazolium) formazans, insoluble 
in water and soluble in fats. Formazan generation is 
practically inhibited by superoxide dismutase as 
well as by catalase (Bromme et al. 1999). When 
superoxide radical generation via the xanthine- 
xanthine oxidase system was measured by chemilu- 
minescence an addition of nitroblue tetrazolium 
immediately abolished lucigenin-enhanced chemi- 
luminescence. Nitroblue tetrazolium did not inhibit 
xanthine oxidase. 




2,3,5-Triphenyl-2H-tetrazolium chloride hydrate [17] 




The nitroblue tetrazolium method has the main ad- 
vantage of sensitivity. Oberley and Spitz (1985) 
used diethylenetriamine-pentaacetic acid (DETA- 
PAC) instead of ethylenediamine tetraacetic acid 
(EDTA), as they found that DETAPAC enhances the 
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sensitivity of the assay, probably because Fe- 
DETAPAC does not react with 0 2 "~, whereas Fe- 
EDTA does (Buettner et al. 1978). They include 
catalase in their assay mixture as H 2 0 2 inhibits and 
inactivates CuZnSOD, and for kinetic reasons, so 
that the equilibrium will not be shifted in favour of 
0 2 "“ production. 



O O 




O O 

Diethylenetriamine-pentaacetic acid (DETAPAC) [19] 

Dioxane proved to be the most suitable solvent for 
extracting the formazan formed in the nitroblue 
tetrazolium test (Muller et al. 1981). At 85 °C diox- 
ane completely extracted nitroblue tetrazolium (ab- 
sorption maximum at X = 580 nm, absorption coef- 
ficient = 0.0256 ml x nmol -1 x cm -1 ) from the cell 
pellet within 15 min, and nitroblue tetrazolium di- 
luted in dioxane was sufficiently stable. As a possi- 
ble aqueous contamination under conditions of an 
acid pH caused a slower decrease of the optical den- 
sity of the extract than did pure water, 1 N HC1 as 
washing agent to remove remaining nitroblue tetra- 
zolium from the cell pellet is recommended. 

Nalbandian (1982) and Nalbandian et al. 
(1983) modified the nitroblue tetrazolium immuno- 
bead test (O’Donnell et al. 1979, Jabs et al. 1980) 
to detect cases in which failing and absent phago- 
cytic activity and respiratory burst intensity in ali- 
quots of polymorphonuclear leucocytes have been 
functionally restored to normal by in vitro pirace- 
tam treatment of such neutrophils. 

The combination of short-length non-denaturing 
isoelectric focusing and measurement of superox- 
ide dismutase (EC 1.15.1.1) activity by water- 
soluble tetrazolium salt made it possible to quantify 
superoxide dismutase activity in a small sample 
(Shimazaki et al. 2002). 

In electron microscopy, Sedar and Rosa (1961) 
used nitro-blue tetrazolium to visualise the activity 
of the succinic dehydrogenase system. Dinitrofor- 
mazan deposits were found within or on mitochon- 
drial profiles, although occasional extramitochon- 
drial deposits were encountered in some micro- 
graphs. Specific intramembranous localisation was 
impossible since the smallest diameter of the dini- 
troformazan particles measured ~ 30 nm. 

The demonstration of xanthine oxidoreductase 
(EC 1.1.1.204) activity by tetrazolium salts was opti- 
mised by Kooij et al. (1991) and was applied validly 
for quantitative purposes (Frederiks et al. 1995). 



Due to the presence of an intermediate electron car- 
rier in the incubation medium, activity of both xan- 
thine oxidoreductase and xanthine oxidase (EC 
1.1.3.22) are detected. 

5.7.4 

Fluorescent Probes 

Two fluorescent probes, 2’,7’-dichlorofluorescin di- 
acetate and dihydrorhodamine 123, have been used 
for detecting intracellular reactive oxygen species 
production. Properties of an ideal agent for this 
purpose would include: 

• cell membrane permeability such that significant 
intracellular concentrations are achieved 

• minimal cellular toxicity 

• conversion from the nonfluorescent to fluores- 
cent form of the probe should be relatively spe- 
cific for reactive oxygen species reaction with low 
rates of conversion due to spontaneous and non- 
reactive oxygen species dependent reactions 

• intracellular sequestration of the fluorescent, oxi- 
dised form of the probe. 

The esterified form of dichlorofluorescin, dichloro- 
fluorescin diacetate, crosses cell membranes and 
then undergoes deacetylation by intracellular ester- 
ases. The resulting compound, dichlorofluorescin, is 
proposed to be trapped within the cell and suscepti- 
ble to reactive oxygen species-mediated oxidation to 
the fluorescent compound, dichlorofluorescein. 

Recently Rota et al. (1999) demonstrated that 
dichlorofluorescein fluorescence cannot be used re- 
liably to measure 0 2 *“ in cells because 0 2 '~ itself is 
formed during the conversion of dichlorofluorescin 
to dichlorofluorescein by peroxidases. The dispro- 
portionation of superoxide forms H 2 0 2 which, in 
the presence of peroxidase activity, will oxidise 
more dichlorofluorescin to dichlorofluorescein with 
self-amplification of the fluorescence. Because the 
deacetylation of dichlorofluorescin diacetate, even 
by esterases, can produce H 2 0 2 , the use of this 
probe to measure H 2 0 2 production in cells is prob- 
lematic. 

The fluorescent product of dihydrorhodamine 
123 oxidation, rhodamine 123, is a positively 
charged lipophilic compound which has been used 
as a vital stain for mitochondria and thus would be 
sequestered intracellularly (Johnson et al. 1980). 
Oxidation of dihydrorhodamine 123 does not occur 
with H 2 0 2 alone, but is mediated by a variety of sec- 
ondary H 2 0 2 -dependent intracellular reactions in- 
cluding H 2 0 2 -cytochrome c and H 2 0 2 -Fe 2+ (Royall 
and Ischiropoulos 1993). 

2,3,4,5,6-Pentafluorodihydrotramethylrosamine 
(1-5 |tM), a fluorogenic indicator for oxidative ac- 




5.8 Light Microscope Techniques 



73 



tivity, is internalised through a nonendocytic path- 
way, then oxidised in the cytosol, followed by im- 
mediate targeting to active mitochondia, resulting 
in fluorescent staining in this organelle. In both 
proliferating and quiescent normal rat kidney fi- 
broblasts, subcellular distribution of the oxidised 
dye could be altered by treatment with an oxidant 
(H 2 0 2 ) or an antioxidant (W-acetyl-L-cysteine), in- 
dicating a regulatory relationship between cell pro- 
liferation and oxidative activity (Chen and Gee 
2000). In solution assay, this probe can be oxidised 
by a broad spectrum of oxidising species including 
horseradish peroxidase, H 2 0 2 and horseradish per- 
oxidase, cytochrome c, cytochrome c and H 2 0 2 , su- 
peroxide and H 2 0 2 , nitric oxide (or nitrite), peroxy- 
nitrite, and lipid hydroperoxide. 

Cl l-BODIPY 581/591 (boron dipyrromethene diflu- 
oride) is a fluorescent ratio probe for indexing lipid 
peroxidation and antioxidant efficacy in model 
membrane systems and living cells, with excellent 
characteristics (Drummen et al. 2002): 

• emission in the visible range of the electromag- 
netic spectrum, with good spectral separation of 
the nonoxidised (595 nm) and oxidised (520 nm) 
form; 

• has a high quantum yield and because of this, 
low labelling concentrations can be used, ensur- 
ing minimal perturbation of the membrane 
whilst retaining favourable signal to noise ratios; 

• has a good photo-stability and displays very few 
fluorescence artefacts: 

• is virtually insensitive to environmental changes, 
i.e. pH or solvent polarity; 

• is lipophilic and as such easily enters mem- 
branes; 

• once oxidised, Cll-BODIPY 5S1/591 remains lipo- 
philic and does not spontaneously leave the lipid 
bilayer; 

• Cll-BODIPY 581/591 localizes in two distinct pools 
within the lipid bilayer, a shallow pool at 1,8 nm 
and a deep pool at <0.75 nm from the centre of 
the bilayer; 

• is not cytotoxic to rat-l fibroblasts up to 50 //M; 

• is sensitive to a variety of oxy-radicals and per- 
oxynitrite, but not to superoxide, nitric oxide, 
transition metal ions, and hydroperoxides per se; 

• its sensitivity to oxidation is comparable to that 
of endogenous fatty acyl moieties. 

5.8 

Light Microscope Techniques 

In the Mach-Zehnder interference microscope de- 
scribed by Grehn (1959, 1960) and Walter (1962) 
the object contrast does not depend on the diffrac- 




Fig. 55. Structure and size of mercury orange 



tion by the specimen but is produced by a double- 
beam interferometer system built within a double- 
microscope. The object modifies the phase relation- 
ship between the two mutually interfering waves by 
an amount depending on its optical thickness and 
refracting index. 

Crystals and collagen differ in their refractive in- 
dices and thus in their phase displacements in the 
fringe field or in the interference contrast colours 
(Schiller 1974). Coal dust is opaque and thus does 
not give any change of colour using the wedge com- 
pensator. A further advantage of interference mi- 
croscopy is the study of dust phagocytosis in tissue 
cultures previously performed by phase contrast 
microscopy using Heine’s condensor (Schiller 
1954). 

Another application of the Mach-Zehnder inter- 
ference microscope is to detect free sulfhydryl 
groups as in reduced glutathione, using mercury or- 
ange (Schiller 1974, 1975). 

Optical density in the autoradiographs was ana- 
lysed with a computerized image processing system 
(Scheich 1983, Gonzalez-Lima and Scheich 
1984, Maier and Scheich 1987). The system con- 
sisted of a TV camera mounted on a Wild micro- 
scope, a custom-made A-D converter, and a Hew- 
lett-Packard 21 MX computer. A given area of an 
autoradiograph was scanned with the TV camera 
and was converted into a 256 x 256-point matrix 
with 8-bit resolution of optical density. The digital- 
ized image was stored on tape and reconstructed on 
a storage screen. Intensities in each analysed brain 
section were referred to the average intensity of an 
area in the corpus callosum of that section in order 
to allow a comparison between different brains. Ar- 
rays of densitometric profiles were generated from 
each matrix as follows. The 256 horizontal lines of 
the matrix were divided into 32 horizontal rows 
with 8 lines by the computer. Relative optical densi- 
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ties of points within each row were integrated and 5.9 

plotted as a profile horizontally. The complete ma- Electron Microscope Techniques 
trix was represented by 32 profiles. 

Rats were anaesthetised by intraperitoneal injection 
of 30 mg pentobarbital/kg and perfused from the 
abdominal aorta with 2.5 % glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4), postfixed with 
1 % osmium tetroxide in sodium cacodylate buffer 
and embedded in Epon 812. Sections cut at 50 nm 
were stained with lead citrate and uranyl acetate. 



CHAPTER 6 



Reactive Oxygen and Nitrogen Species 



The term “radical” is often used loosely in chemis- 
try to refer to various groups of atoms that behave 
as a unit, such as the carbonate radical (C0 3 2- ), ni- 
trate radical (N0 3 "), and the methyl radical (CH3“). 
According to this definition, Lavoisier (1789) has al- 
ready indicated that the four elements: phosphorus, 
sulphur, carbon, and hydrogen not only by them- 
selves can take up oxygen, but may also mutually 
combine to likewise oxidizable compounds. Berze- 
lius (1817) formulated: in inorganic nature all ox- 
ides contain a simple radical, while all organic com- 
pounds are oxides of composed radicals; the radical 
of vegetable matter mostly consists of carbon, that 
of animal matter besides carbon contains nitrogen. 

Halliwell and Gutteridge (1989) avoid this 
use and define a “free radical” as follows: 

A free radical is any species capable of independent 

existence that contains one or more impaired electrons. 

Classically, radical reactions begin with an initia- 
tion process to form a radical species, such as the 
reaction of H 2 0 2 with transition metals (Fenton 
chemistry) to form hydroxyl radical, 'HO (Ward- 
man and Candeias 1996). 

Table 12 . Transition metals 

Metal ion Number of unpaired d-electrons 

Ti(III) 1 

Ti(II), V(III) 2 

V(II), Cr(III), Mn(IV) 3 
Cr(II), Mn(III) 4 

Mn(II), Fe(III) 5 

Fe(II) 4 

Co(II) 3 

Ni(II) 2 

Cu(II) 1 



Transition Metals in Natural 
and Man-Made Fibres 

1) Iron is a constant component of crocidolite and 
amosite present in rather large percentage. In vitro, 
ferrozine, a strong Fe(II) chelator, mobilised Fe(II) 



from crocidolite (6.6 nM/mg asbestos x h) and am- 
osite (0.4 nM/mg x h) in 50 mM NaCl, pH 7.5 
(Lund and Aust 1990). Inclusion of ascorbate in- 
creased the rates to 1 1.4 and 4.9 nM/mg x h, respec- 
tively. In vivo, iron mobilisation from crocidolite by 
low-molecular-weight chelators may lead to the in- 
creased production of reactive oxygen species 
(Lund and Aust 1991). 

2) The metal substitutes for another cation. In 
chrysotile Fe 2+ and Mn 2+ replace Mg 2+ . 

3) The metal represents an impurity caught in 
manufacturing (Cralley et al. 1967). 

Two classes of dioxygen-independent enzymatic 
reaction are now recognized to proceed through 
radical-based mechanisms, those catalysed by S- 
adenosylmethionine/iron-sulphur enzymes, and 
the adenosylcobalamine-dependent enzymes, as re- 
cently reviewed by Frey (2001). 

6.1 

The Respiratory Burst 

Free radicals are chemical species with one or more 
unpaired electrons in their outer orbital. Their pro- 
duction is essential to normal metabolism but they 
are theoretically destructive unless tightly con- 
trolled. 

Reactive oxygen species are generated in cells by 
both enzymatic and nonenzymatic reactions. They 
should be generated at the cell surface, as a re- 
sponse against the stimulus caused by the presence 
of a pathogen. 

Redox reactions are essential for the function of 
cell membranes (Del Castillo-Olivares et al. 
2000). It should be stressed that every bioenergetic- 
ally competent cell membrane does contain redox 
systems (Skulackev 1988). A plasma membrane 
electron transport or redox system has been found 
in every living cell tested. Voegtlin et al. (1925) 
examined a relation between the redox state and 
cancer. The redox potential of cytochrome b 558 „ a 
component of NADPH oxidase, is -245 mV. This is 
atypically low for a cytochrome b, but this fact en- 
ables the reduction of oxygen to superoxide (Cross 
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et al. 1981). The rate of electron flow has been dem- 
onstrated to be matched by the rate of superoxide 
production (Cross et al. 1985). 

Using bovine neutrophils, Yamamori et al. 
(2002) examined the role of p38 mitogen-activated 
protein kinase in the signalling pathway of the 
NADPH oxidase activation. Superoxide production 
was induced by stimulation with serum-promised 
zymosan and attenuated by p38 mitogen- activated 
protein kinase inhibitor, SB203580. Serum- 
promised zymosan stimulation induced the trans- 
location of p47 phox and Rac to the plasma membrane 
and SB203580 completely blocked the translocation 
of Rac, but only partially blocked that of p47 phox . 
Furthermore, SB203580 abolished the serum- 
promised zymosan-elicited activation of Rac, which 
was assed by detecting the guanosine triphosphate- 
bound form of this protein. Phosphatidylinositol 3- 
kinase inhibitors, wortmannin and LY294002, 
blocked not only p38 mitogen-activated protein ki- 
nase activation but also Rac activation. However, 
SB203580 showed no effect on the phosphatidylino- 
sitol 3 -kinase activity. 

A growing body of evidence suggests a potential 
role for oxygen-derived radicals such as superoxide 
anion (0 2 *~) and hydrogen peroxide (H 2 0 2 ) as intra- 
cellular signalling molecules. Numerous studies 
have implicated a dynamic change in the intracellu- 
lar redox state as an important determinant in a 
host of cellular decisions ranging from growth, to 
apoptosis, to cellular senescence (Finkel 1999). 

6.1.1 

Reactive Oxygen Intermediates 

Atmospheric oxygen ( 3 0 2 ) is relatively unreactive 
because it is a diradical with parallel spin state. 
Thus its divalent reduction is kinetically limited by 
the relatively slow spin inversion process. The spin 
conservation rule states that spin must be con- 
served during the time for a chemical reaction to 
occur. The spin restriction means that when 3 0 2 is 
involved in metabolic oxidation it has to be acti- 
vated, allowing for spin inversion of one electron at 
a time, in order to have productive collision. This 
univalent pathway requires the generation of inter- 
mediates, among superoxide (0 2 *“) is the first re- 
duced product. 

One-electron reduction of oxygen 

+e~ e~ + 2H + +e - +e _ + H + 

0 2 ► Or ► H 2 0 2 ► HO"- ► H 2 0 2 

Dioxygen — - Superoxide — - Hydrogen Hydroxyl Water 
radical peroxide radical 

[ 20 ] 



The product of the Krev-l/raplA gene was copuri- 
fied as a component of the superoxide generating 
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Bonding in the diatomic oxygen molecule [21] 



Superoxide under physiological conditions in vivo 
may be a source of electrons for the oxidative phos- 
phorylation of ADP (Mailer 1990). Scavenging of 
'NO as an important messenger makes 0 2 ‘“ an an- 
tagonist to 'NO and already simply by this property 
0 2 ’~ becomes a messenger molecule itself (Wolin 
1996, Okatani et al. 1998, Meyer et al. 1999). The 
existence of defined sources for 0 2 ‘“ favours the hy- 
pothesis of a superoxide-driven redox regulation 
(Ullrich and Bachschmid 2000). At unphysiolo- 
gical low pH values the protonated HOO' radical is 
a more reactive species bit at physiological pH its 
concentration is too low (p K = 4.8) and its radical 
mechanism not suited to cause sulphoxidations of 
methionine, sulphenic acid formation or the oxida- 
tion of vicinal dithiols to disulphides. However, tak- 
ing into account the reducing capacity of 0 2 ‘“ it has 
been confirmed that ferritin bound ferric ions can 
be reduced and released (Fridovich 1986) and 
also Cu 1 and Mn 11 levels may increase as a conse- 
quence of superoxide formation. These metals tend 
to associate with protein structures and then would 
be able to react with 0 2 ’ - by formation of peroxo or 
oxo species; e.g. 



, 10 6 M -1 ■ s _I 

Fe 3+ + Oy * 


- Fe 2+ + 0 2 


[22] 


Fe 3+ + Oy * 


- Fe NI 00 2 ~ or Fe v = O 


[23] 



Such species are more reactive than H 2 0 2 and act 
locally and hence selectively at metal-binding do- 
mains. 

Tumour necrosis factor-a (TNF-a) transiently 
increased intracellular superoxide and other reac- 
tive oxygen species production in human fibro- 
blasts (Meier et al. 1989) and human oral carci- 
noma SCC-25 cells (Liu et al. 2000). 

Enhanced exhalation of H 2 0 2 and thiobarbituric 
acid reactive substances has been reported in vari- 
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ous inflammatory lung diseases (Dohlman et al. 
1993, Antczak et al. 1997, Nowak et al. 1999). In 
healthy volunteers the H 2 0 2 exhalation revealed di- 
urnal variation with two-peak values 0.45 ± 0.29 uM 
and 0.43 ±0.22 p,M at 12:00 and 24:00 h (Nowak et 
al. 2001). The lowest concentrations, 0.26±0.13 pM 
and 0.25 ±0.26 pM, were found at 20:00 and 8:00 h. 
Type II pneumocytes, alveolar macrophages, and 
endothelial cells produce H 2 0 2 (Kinnula et al. 
1991). 

The role of H 2 0 2 as a second messenger has been 
demonstrated in various signal transduction sys- 
tems stimulated by diverse ligands including cyto- 
kines and peptide growth factors through tyrosine 
kinase and G-protein-coupled receptors (Krieger- 
Brauer and Kather 1992, Ohba et al. 1994, Sun- 
daresan et al. 1995, Bae et al. 1997). Besides the 
stimulation of protein phosphorylation and tran- 
scription factor activation, H 2 0 2 is known to modu- 
late K + channels expressed in Xenopus oocytes 
(Vega-Saenz de Miera and Rudy 1992, Szabo et 
al. 1997). H 2 0 2 is also known to regulate Ca 2+ sig- 
nalling (Reeves et al. 1986, Roveri et al. 1992). On 
of the ways H 2 0 2 is able to modulate the intracellu- 
lar Ca 2+ level is to induce Ca 2+ influx by directly ac- 
tivating Ca 2+ channels on the plasma membrane 
(Doan et al. 1994, Li et al. 1998). The H 2 0 2 induced 
ionic current was not transient but long lasting in a 
Ca 2+ -free medium (Kim and Han 2002). As H 2 0 2 
was still able to induce current in oocytes loaded 
with either catalase (EC 1.11.1.6) or N-acetyl-L- 
cysteine, H 2 0 2 scavengers, H 2 0 2 induces this ionic 
current possible through the activation of Ca 0 2+ - 
inactivated channels by an extracellular mecha- 
nism. 

Classically, radical reactions begin with an initia- 
tion process to form a radical species, such as the 
reaction of H 2 0 2 with transition metals (Fenton 
chemistry) to form hydroxyl radical, 'HO (Ward- 
man and Candeias 1996). 

The reaction requires two steps, where superox- 
ide first reduces ferric iron to ferrous iron: 



Fe 3+ + Of 



io 6 m - 1 -s-’ 



Fe 2+ + 0 2 



[ 22 ] 



and the ferrous iron attacks hydrogen peroxide to 
generate hydroxyl radical (Koppenol 1994): 



Fe 2+ + H,0 



10 3 -10 5 M-’ S" 1 



2^2 



Fe 3+ + HO’ + HO- 



[24] 



Reactive radical entities can interact with neutral 
molecules, and the product of these reactions also 
yield radicals. This is the propagation step of radi- 
cal reactions, which often proceed through tens to 



thousands of molecular intermediates. Radicals are 
eliminated when termination reactions occur in 
which two radical entities react together or alterna- 
tively when the process of propagation results in the 
reduction in the product radical energy to such an 
extent that it cannot further react with another 
molecule, e.g., abstract a hydrogen atom. 




OH 

Thiobarbituric acid 



CHO 
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Thiobarbituric acid test 



SH 



+ 2 H 2 0 



[25] 



Enhanced exhalation of H 2 0 2 and thiobarbituric 
acid reactive substances has been reported in vari- 
ous inflammatory lung diseases (Dohlman et al. 
1993, Antczak et al. 1997, Nowak et al. 1999). In 
healthy volunteers the H 2 0 2 exhalation revealed di- 
urnal variation with two-peak values 0.45 ±0.29 pM 
and 0.43 ±0.22 pM at 12:00 and 24:00 h (Nowak et 
al. 2001). The lowest concentrations, 0.26 ±0.1 3 pM 
and 0.25 ±0.26 pM, were found at 20:00 and 8:00 h. 
Type II pneumocytes, alveolar macrophages, and 
endothelial cells produce H 2 0 2 (Kinnula et al. 
1991). 

The production of hydroxyl radicals by tetra- 
chlorohydroquinone, a major metabolite of the 
widely used biocide pentachlorophenol in the pres- 
ence of H 2 0 2 was markedly inhibited by hydroxyl 
radical scavenging agents dimethyl sulphoxide and 
ethanol, as well as by tetrachlorohydroquinone rad- 
ical scavengers desferrioxamine and other hy- 
droxamic acids (Zhu et al. 2000). In contrast, their 
production was not affected by the nonhydroxym- 
ate iron chelators, diethylenetriaminepentaacetic 
acid, bathophenanthroline disulphonic acid, and 
phytic acid, as well as the copper-specific chelator 
bathocuprione disulphonic acid. 

One-electron reduction of oxygen can, in princi- 
ple, occur by oxidation of any substance the redox 
potential of which is lower than or equal to -0.15 V 
(the redox potential of the 0 2 /superoxide pair). 
Compounds with high kinetic barriers of reaction 
with 0 2 were selected by evolution. Highly reactive 
coenzymes and prosthetic groups of enzymes oper- 
ating at the initial and middle steps of the respira- 
tory chain, such as coenzyme Q semiquinone 
(CoQH*) are exception of this rule. CoQH" as an 
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electron reductant can probably commit errors, do- 
nating an electron to molecular oxygen rather than 
to cytochrome b t , which is its natural oxidant. 

One-electron reduction of quinones by ascor- 
bate, followed by the oxidation of the semiquinone 
by molecular oxygen, results in the catalytic oxida- 
tion of ascorbate (with quinone as catalyst) and for- 
mation of active forms of oxygen. Along with enzy- 
matic redox cycling of quinone, this process may be 
related to quinone cytotoxicity and underlie an an- 
titumour activity of some quinones. Roginsky et 
al. (1999) studied the kinetics of oxygen consump- 
tion accompanying the interaction of ascorbate 
with 55 quinones including substituted 1,4- and 1,2- 
benzoquinones, naphthoquinones and other quin- 
oid compounds using the Clark electrode tech- 
nique. 

In Jurkat T-cells submicromolar levels of H 2 0 2 
induced apoptosis through Fenton chemistry inde- 
pendent of the cellular thiol state (Antunes and 
Cadenas 2001). 

6. 1.1.1 

Singlet Oxygen 

Singlet oxygen is a more reactive form of oxygen, 
which can be generated by an input of energy. The 
'Ag0 2 state has an energy 22.4 kcal above the 
ground state. The 'S + 0 2 state is even more reactive, 
37.7 kcal above the ground state. In both forms of 
singlet oxygen the spin restriction is removed and 
so the oxidising ability is greatly increased. Stein- 
beck et al. (1993) developed a specific and sensitive 
assay which could be used to measure the amount 
of intracellular 1 Ag0 2 produced in activated poly- 
morphonuclear leucocytes. Their method was 
based on the reactivity rates of 1 Ag0 2 with perylene 
and 9,10-diphenylanthracene, and identifying the 
product formed in the reaction of 'Ag0 2 with 9,10- 
diphenylanthracene (Wasserman et al. 1972, 
Turro et al. 1981). This reaction is highly specific 
and forms a stable and quantitative product: 9,10- 
diphenylanthracene-endoperoxide. Wefers (1987) 
used 9,10-di(2-ethylene)anthracene to quantify '0 2 
through measurement of the endoperoxide as the 
stable reaction product. 

The two states of singlet oxygen 



1 Eg+0 2 'Ag0 2 [26] 



The 570-590 and 630-700 nm bands of the (in- 
dependent light emission of macrophages stimu- 
lated with concanavalin A correspond with the di- 
mol emission of '0 2 in several electronic excited 
and vibrational states: [*Ag] ['Ag] (1,0) for 580 nm, 
and [‘Ag] [‘Ag] (0,0) and [‘Ag] [‘Ag] (0,1) for 634 
and 703 nm, respectively (Seliger 1960, Khan and 
Kasha 1970, Inaba et al. 1979). Although the fluo- 
rescence spectrum between resting and stimulated 
macrophages did not differ significantly, it is possi- 
ble that the blue-green photoemission bands 
(420-450 and 460-480 nm) are due to decay of 
fluorescence species (432 and 484 nm) inherent in 
the macrophages suspension and independent of 
the activation process (Cadenas et al. 1981). 

Erythrocuprein inhibited the luminol-enhanced 
chemiluminescence caused by singlet oxygen pro- 
duced in a xanthine-xanthine oxidase system as 
measured in a Packard scintillation counter (Weser 
and Paschen 1972). 

6.1. 1.1.1 

Formation of Singlet Oxygen 

Electronically exited oxygen in the 1 A g state has 
been shown to be a product of a number of enzy- 
matic reactions (Piatt et al. 1977, Piatt and 
O’Brien 1979, Karnofsky 1983, 1984, 1985, 1988, 
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1988, 
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Myeloperoxidase (EC 


1.11.1.7) reaction 
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CIO- + h 2 o 
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cio- + h 2 o 2 
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1 o 2 + ci- + h 2 o 


[28] 



Lipid peroxidation in microsomal fraction initiated 
by hydroperoxides or iron/ascorbate, as well as lipid 
peroxidation of isolated hepatocytes under oxygen- 
ation, has been studied extensively by Cadenas et 
al. (1981) and Cadenas and Sies (1982). The avail- 
able evidence points to '0 2 formation by the Russell 
mechanism (Russell 1957, Howard and Ingold 
1968). Secondary lipid-peroxy radicals react via a 
transient tetroxide to yield an alcohol, a carbonyl 
and oxygen, the carbonyl or oxygen being in an 
electronically excited state. 

In phorbol myristate acetate-stimulated poly- 
morphonuclear leucocytes it is important to note 
that the generation of : Ag0 2 was dependent on the 
dose of phorbol myristate acetate added and that 
stimulation with high-dose phorbol myristate ace- 
tate resulted in lower amounts of detectable 1 Ag0 2 
(Karnofsky 1994). This finding was not entirely 
unexpected since higher concentration of phorbol 
myristate acetate lead to a greater production of 
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0 2 *~ and little net accumulation of 'Ag0 2 , as 0 2 *“ at 
high concentrations quenches 'Ag0 2 (Rosenthal 
1975, Guiraud and Foote 1976, Khan 1977). 

Eosinophils oxidise physiological concentrations 
of bromide ion (about 100 pM) in the presence of 
the 1000 fold higher physiological concentrations of 
chloride ion (Weiss et al. 1986). When activated 
with the physiological agonists C5a and leukotriene 
B 4 , guinea pig eosinophils released 1 0 2 (Teixeira et 
al. 1999). This release, which occurred at agonist 
concentrations as low as 10' 7 M occurred more rap- 
idly than activation with phorbol ester (10' 6 M), 
was similar in level, but was more transitory. The 
release of 0 2 occurred in absence of added bromide 
ions. 

Exposure of human red blood cells from healthy 
adult volunteers of either sex to high concentration 
of HOC1 and HOBr (>40 nmol/10 7 cells) resulted in 
rapid cell lysis and the detection of an additional 
nitrogen-centred, protein-derived radical adduct 
(Hawkins et al. 2001). HOBr induced red blood cell 
lysis at approximately 10-fold lower concentration 
than HOC1, whereas with monocyte (HTP1) and 
macrophage (J774) cells HOC1 and HOBr induced 
lysis at similar concentrations. Erythrocytes ex- 
posed to nonlytic doses of HO Cl generated novel 
nitrogen-centred radicals the formation of which is 
GSH dependent. 

Peroxidases can also catalyse the formation of 
singlet oxygen by a halide-independent mechanism. 
Oxidation of indole-3-acetic acid by either lactoper- 
oxidase or horseradish peroxidase results in singlet 
oxygen formation (Straight and Spikes 1985). 
Singlet oxygen is again a secondary reaction prod- 
uct. The peroxidase-catalyzed oxidation of indole- 
3-acetic acid is known to produce high concentra- 
tions of carbon-centred 3-methylindole (skatole) 
radicals (Mottley and Mason 1986). These skatole 
radicals react with oxygen to form peroxyl radicals, 
which then undergo a bimolecular reaction to form 
singlet oxygen. Pneumotoxicity of 3-methylindole 
was described by Huang et al. (1977), Turk et al. 
(1984) and Becker et al. (1985). 

Polymer-bound rose bengal as a singlet oxygen 
generating system (Perez 1985) is merchandised 
under the names Sensitox I and Sensitox II. Sensi- 
tox II is compatible with aqueous and alcohol- 
containing media. The lifetime of : Ag0 2 in H 2 0 is 
2-5 ps versus 700 ps in CC1 4 . 



Cl 




Other popular sensitisers of singlet oxygen forma- 
tion are acridin orange, methylene blue, and tolui- 
din blue (formula [79]); but many biological com- 
pounds are also effective in vitro, such as the water- 
soluble vitamin riboflavin and its derivatives flavin 
mononucleotide and flavin adenine dinucleotide. 



Singlet oxygen 



HOi + Oy + H + 
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The formation of 1 0 2 in systems known to produce 
0 2 ’ - has often been postulated, though conclusive 
evidence in that respect is still missing. The detec- 
tion of 1 0 2 in biological systems has been aided by 
different chemical methods (Foote et al. 1984) as 
well as the observation of photoemission upon de- 
cay of ‘0 2 to the ground state (Cadenas et al. 1984). 

The reaction of potassium superoxide with water 
is the single most important chemical source of ox- 
ygen for breathing purposes in hospitals, mines, 
submarines (Clarke 1956), and space capsules 
(Bovard 1960). Even if only a small fraction of sin- 
glet oxygen survives quenching, it could prove to be 
a serious health hazard (Khan 1970). 

Reactive oxygen species as 0 2 *~, H 2 0 2 , and 1 0 2 
can react with lucigenin to form photons. Photo- 
emission was measured using a Berthold Biolumat 
demonstrating the formation and degradation of 
these oxygen species. Chemiluminescence gener- 
ated by granulocytes during the phagocytosis of zy- 
mosan particles was markedly impaired by 0.1 mM 
azide as a scavenger of '0 2 (Sagone et al. 1977). 
However, azide reacts with HO' to give a reactive 
N 3 ‘ radical. 



N 3 - + HO’ — ►Nj + OH- [34] 
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The selective para hydroxylation of phenol or ani- 
line by *02 may be used as an indicator for the in- 
volvement of singlet oxygen as compared to HO’- 
or cytochrome P 450 -mediated reactions (Briviba et 
al. 1993). The hydroxylation of aniline was sup- 
pressed when (3-carotene was added to rat liver mi- 
crosomes, while the addition of sodium azide 
(NaN 3 ) enhanced the reaction (Osada et al. 1999). 
In contrast, the microsomal o-deethylation of 7- 
ethoxycoumarin was suppressed by the addition of 
NaN 3 . '0 2 was detectable during the reaction of mi- 
crosomes and NADPH by electron spin resonance 
spin trapping when 2,2,6,6-tetramethyl-4-piperidone 
(TMPD) was used as a spin trap, and the ‘Ch was 
quenched by the additions of (3-carotene, NaN 3 , ani- 
line, and 7-ethoxycoumarin. The enhancement ef- 
fect of NaN 3 in the hydroxylation of aniline ap- 
peared to be due to the conformational change of 
P450 protein, which in turn enhances the binding of 
aniline to P450 in terms of the spectral dissociation 
constant (K s ). In contrast, '0 2 appeared to be active 
in the o-deethylation of 7-ethoxycoumarin. 



6.1.1 .1.2 

Reactions of Singlet Oxygen 



Singlet oxygen can interact with other molecules in 
essentially two ways: it can either combine chemi- 
cally with them, or else it can transfer its excitation 
energy to them, returning to the ground state while 
the molecule enters an excited state. The latter phe- 
nomenon is known as quenching. Sometimes both 
can happen. The best studies chemical reactions of 
singlet oxygen are those involving compounds con- 
taining carbon-carbon double covalent bonds. 

Fumaric acid first combines with '0 2 by dioxe- 
tane formation. Dioxetanes are instable and decom- 
pose to form two molecules of glyoxylic acid, one of 
which is an excited species (equation [35]). 



H H 

I I 
C-COOH i 0 , O-C-COOH 

II — ► I I 

C-COOH O-C-COOH 
I I 

H H 



H H 

I I 

-► 0=C— COOH + HOOC — C=0* 

[35] 



By combining *0 2 with fumaric acid an instable di- 
oxetane is formed. By decomposing this dioxetane a 
excited carbonyl species is generated. 

Singlet oxygen adds to the double bonds of un- 
saturated fatty acids producing lipid hydroperox- 
ides. Schafer and Buettner (2000) used electron 
paramagnetic resonance spin trapping with a-(4- 
pyridyl-1 -oxide) N-ferf-butyl nitrone to detect lipid- 
derived radical formation from HL-60 human leu- 
kaemia cells. Free radical formation increased with 
increasing iron concentration; in the absence of ex- 



tracellular iron, radical formation was below the 
limit of detection and lipid hydroperoxides accu- 
mulated in the membrane. In the presence of iron, 
lipid-derived radical formation in cells was pH de- 
pendent; the lower the extracellular pH 1.5 - 5.5), 
the higher the free radical flux; the lower the pH, 
the greater the membrane permeability induced in 
K-562 cells, as determined by trypan blue dye ex- 
clusion. 

Azide reacts with singlet oxygen with high rate 
constant (k = 2.2 x 10 9 ; Wilkinson and Brummer 
1981), producing the strong one-electron oxidant 
azidyl radical, N 3 * (eq. [36]). 



N 3 ~+ '0 2 — ►N 3 ‘ + oy 



[36] 



a-Tocopherol mostly reacts by quenching. Combin- 
ing of '0 2 with tocopherol gives a-tocopherylqui- 
none hydroperoxide. Opening of the pyran ring 
gives various products as shown in equation [37] 
(Neely et al. 1988). 

Fukuzawa et al. (1997) investigated the scaveng- 
ing of singlet oxygen by a-tocopherol in liposomes. 
The rates of oxidation of a-tocopherol differed de- 
pending on the photosensitising dye and the mem- 
brane charge: in the methylene blue system, a- 
tocopherol was oxidised fast in negatively charged 
dimyristoylphosphatidylcholine liposomes contain- 
ing dicetylphosphate and slowly in neutrally 
charged dimyristoylphosphatidylcholine liposomes 
containing stearylamine, but in the lipid-soluble 
12-(l-pyrene)dodecanoic acid-system, the oxida- 
tion rate was independent of the membrane charge. 




a-Tocopherol quenches singlet oxygen: [37] 

opening of the pyran ring, formation of an epoxide 



Rank of ’0 2 formation 

Riboflavin > haematoporphyrin > anthracene > benzanthrone 
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Riboflavin or vitamin B 2 makes a prosthetic group 
of flavin enzymes where it can be reversibly re- 
duced by hydrogen atoms (formula [38]). When ex- 
posed to light, riboflavin absorbs energy and reacts, 
via a triplet exited state, with other molecules such 
as protonated substrates or molecular oxygen, gen- 
erating reactive species. In the type I photodynamic 
reaction, energy is transferred from a triplet sensi- 
tiser to 0 2 with the formation of 1 0 2 . 



O 




A radical intermediate in the reduction of riboflavin [38] 

Certain fourocoumarins may produce potentially 
damaging singlet oxygen (De Mol and Beijers- 
bergen van Henegouwen 1979, 1981a, 1981b, 
Anders et al. 1983, Decuyper et al. 1983, Pathak 
and Joshi 1984). Beaumont et al. (1985), however, 
did not see any evidence that singlet oxygen is pro- 
duced from psoralen and 4’-aminomethyl-4,5’,8- 
trimethylpsoralen, when they were intercalated 
between the strands of calf thymus DNA. 

Yamazaki et al. (1999) identified singlet oxygen 
adduct of cholesterol, 3|3-hydroxy-5a-cholest-6- 
ene-5-hydroperoxide, in skin of rats pre-treated 
with oral doses of pheophorbide a and subsequent 
visible irradiation. 
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Combining of '0 2 with cholesterol gives cholesterol 


[39] 


5a-hydroperoxide as the major product 









Pyrroles are very sensitive to the action of singlet 
oxygen OCh). Wasserman (1970) has observed a 
novel type of oxidation in the case of aryl- 
substituted pyrroles exemplified by the photooxida- 
tion of 2,3,4,5-tetraphenylpyrrole in methanol. 
There is special interest in the reactions of imidaz- 
oles with '0 2 since it has been shown that photooxi- 
dative inactivation of certain enzymes involves de- 
struction of histidine residues, and more specifi- 
cally oxidation of the imidazole ring (Wasserman 
and Lenz). These heterocyclic system behave in 
many respects like furans and pyrroles, but are 
more prone to cleavage through reactions resem- 
bling the oxidation of enamines by '0 2 (Wasserman 
et al. 1968). 



2,5-Diphenyl-3,4-benzofuran quenches ’0 2 [40] 

It is well established that singlet oxygen is able to 
oxidise DNA with a much higher specificity than 
hydroxyl radical. The main stable oxidation prod- 
ucts of the reaction of 1 0 2 with 2-deoxyribose gua- 
nine were identified as the 4R* and 45* diastereoi- 
somers of 4-hydroxy-8-oxo-4,8-dihydro-2’-deoxy- 
guanosine on the basis of extensive NMR and mass 
spectrometry measurements (Ravanat et al. 1992, 
Ravanat and Cadet 1995). Similar oxidation prod- 
ucts were generated by the type II photooxidation 
reaction of 2’-deoxyguanosylyl-(3’-5’)-thymidine 
(Buchko et al. 1992). Azide and methionine as '0 2 
quenchers decrease the DNA damage strongly, 
reaching almost control values of the transforming 
activity (Wefers 1987). Methionine sulphone is 
used as a further control, the effect of methionine 
sulphone being much smaller than that of methio- 
nine (Wefers et al. 1987). 

Lledi'as et al. (1998, 1999) reported that cata- 
lases are oxidized in vitro and in vivo by singlet ox- 
ygen, giving rise to different catalase activity bands 
in zymograms. Michan et al. (2002) observed mo- 
bility changes of Cat-1 and Cat-3 during the asexual 
life of Neurospora crassa. Cat-1 was modified when 
growing mycelium was subjected to heat shock or 
paraquat. Paraquat (5 mM) treatment caused Cat-1 
to disappear in the course of 6 h and heat shock for 
more than 2 h produced a smear of Cat-1 activity. 
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After 3 h in the presence of riboflavin (formula 
[38]) and light, the electrophoretic mobility of Cat- 
3 increased similar to other catalases. The presence 
of singlet oxygen quenchers such as histidine and 
5-aminosalicylic acid prevented this change. 

Both extracellularly [incubation with disodium 
3,3’-(l,4-naphthylidine) dipropionate- 1,4-endoper- 
oxide] and intracellularly (rose Bengal and irradia- 
tion with white light) generated singlet oxygen in- 
duced a concentration-dependent protein oxidation 
and removal of the singlet-oxygen-damaged pro- 
teins by the proteasomal system (Grune et al. 
2001). 

Bacterial killing in human polymorphonuclear 
leucocyte phagosome is principally mediated by 
singlet oxygen ( 1 A g 0 2 ) produced by the myeoloper- 
oxidase reaction (Tatsuzawa et al. 1999). 

Collagen fibril formation was inhibited by singlet 
oxygen (Venkkatasubramanian and Joseph 
1977). The oxidation of native collagen prepared 
from-old rat tail tendon and its CNBr peptides by 
singlet oxygen immediately formed blue (430 nm)- 
fluorescent cross links (Fujimori 1989). Singlet ox- 
ygen did not degrade collagen CNBr peptides just 
like UV (300 nm) irradiation, though hydroxyl radi- 
cals did degrade them. 

Singlet oxygen- challenged unmedicated rat car- 
diomyocytes all hypercontracted as a consequence 
of Ca 2+ overload and produced 463.6 ±143.6 nM 
malondialdehyde (Ver Donck et al. 1990). Protec- 
tive Ca 2+ antagonists reduced the amount of dam- 
aged cells, but did generally not affect malondialde- 
hyde production. 

6.1.2 

Oxygen Activating Enzymes 

Two general classes of enzymes are involved in oxy- 
gen metabolism: oxidases, transferring electrons 
from a substrate to oxygen, and oxygenases, trans- 
ferring oxygen to a substrate after reductive split- 
ting of molecular oxygen. Oxygenases can be di- 
vided into dioxygenases and monooxygenases. 
Mono-oxygenases (mixed function oxygenases) ca- 
talyse the incorporation of one atom of 'Eg' molec- 
ular oxygen into a substrate with the concomitant 
reduction of the other atom to water (Mason 1957, 
Hayaishi and Nozaki 1969). 

Piperonyl butoxide is an inhibitor of the mixed- 
function oxidase system. 

O^^^CH 2 -CH 2 -CH 3 

cor 

0 ^CH 2 0(CH 2 ) 2 0(CH 2 ) 2 0(CH 2 ) 2 0(CH 2 ) 3 CH 3 

Piperonyl butoxide [41] 



6. 1.2.1 

Aldehyde Oxidase 

The cytosolic enzyme, aldehyde oxidase (EC 
1.2. 3.1) is important in the biotransformation of 
numerous aldehydes (Beedham 1987). This 
molybdenum-containing enzyme is generally in- 
volved in nucleophilic oxidation although aldehyde 
oxidase has been shown to catalyse many reduction 
reactions (Beedham 1985). It is also involved in the 
metabolism of allopurinol, quinine and methotrex- 
ate (Beedham 1985). In the guinea pig, Beedham 
et al. (1989) observed a marked circadian variation 
in aldehyde oxidase activity with several substrates 
(phthalazine, phenathridine, N-phenylquinolinium 
and 3,4-dihydro-4-hydroxy-3-methyl-2-quinazolin- 
one). The main peak occurred at 3 h with minimum 
activity from 12 to 18 h, the differences between 
rhythmic extremes being statistically significant 
(P < 0.005). Exogenously administered melatonin 
caused a significant increase in aldehyde oxidase 
activity at 9 o’clock and 12 o’clock. 

6. 1.2. 2 

Cytochrome Oxidase 

NADPH-cytochrome P 450 oxidoreductase (EC 
1.6. 2. 4) (CYPOR) is a ubiquitous enzyme involved 
in many aspects of cellular metabolism, most nota- 
bly, the mixed function oxidase system. This sys- 
tem, which is composed of CYPOR and the cyto- 
chromes P 45( „ is pivotal in the metabolism of nu- 
merous endogenous substrates (e.g. steroids, fatty 
acids, and prostaglandins), in the metabolism and 
detoxification of drugs and environmental pollut- 
ants, and in the metabolic activation of chemical 
carcinogens. CYPOR, a 78,275-Da membrane- 
bound flavoprotein, functions as an internal elec- 
tron transport chain, transferring electrons from 
NADPH to flavin-adenine dinucleotide (FAD) to 
flavin mononucleotide (FMN) and finally to cyto- 
chrome P 450 (Shen and Kasper 1993). 

O’Leary and Kasper (2000) delineated the im- 
portance of multiple czs- acting elements contained 
within the proximal promoter for basal expression 
of the CYPOR gene. Transcription factor binding 
sites within this region included two upstream Spl 
motifs, a SEC element containing overlapping Spl/ 
Egr-l/CACCC box motifs, and a novel site desig- 
nated the OxidoReductase Upstream element 
(ORU). Mutational modification of the ORU ele- 
ment, leading to a loss of protein binding, resulted 
in an ~ 90 % decrease in transcriptional activity in 
H4IIE cells. Similarly, inactivation of the Egr-1/ 
CACCC segment of the SEC element dramatically 
reduced promoter activity to less than 10 % of wild- 
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type, while mutagenesis of the contiguous Spl site 
did not affect basal transcription. 

Cytochrome P 450 enzymes perform three general 
types of oxidative reactions: 

1. insertion of an oxygen atom into the bond be- 
tween the hydrogen and a heavier atom to yield 
the corresponding hydroxyl derivative 

2. addition of an oxygen atom across the two car- 
bons of a jt-bond to yield an epoxide 

3. addition of an oxygen atom to the electron pair 
of a heteroatom to give a dipolar oxide. 

Cytochromes P 450 belong to external mono- 
oxygenases. This implies that they need an external 
electron donor which transfers the electrons neces- 
sary for oxygen activation and the subsequent sub- 
strate hydroxylation. Two main classes of cyto- 
chromes P 450 principally different with respect to 
their electron-supporting system can be defined: 

1. microsomal type 

2. mitochondrial/bacterial type. 

Microsomal cytochromes P 450 are membrane- 
bound. They accept electrons from a microsomal 
NADPH-cytochrome reductase, containing flavin 
adenine dinucleotide and flavin mononucleotide. 
All cytochromes P 450 metabolising drugs and xeno- 
biotica isolated so far belong to this class. 

Experiments on isolated mitochondria have in- 
dicated that a relatively small fraction of each of 
several components of the electron transport chain 
is sufficient to sustain a normal respiration rate. 
These experiments, however, may have not re- 
flected the in vivo situation, due to the possible loss 
of essential metabolites during organelle isolation 
and the disruption of the normal interactions of 
mitochondria with the cytoskeleton, which may be 
important for the channelling of respiratory sub- 
strate to the organelles. Therefore, Villani and At- 
tardi (2000) have developed an approach for 
measuring cytochrome c oxidase activity in intact 
cells, by means of cyanide titration, either as an iso- 
lated step or as a respiratory chain-integrated step. 
The method has been applied to a variety of human 
cell types, including wild-type mtDNA mutation- 
carrying cells, several tumour-derived semidiffer- 
entiated cell lines, as well as specialised cells re- 
moved from the organism. The results obtained 
strongly support the following conclusion: 

• the in vivo control of respiration by cytochrome 
c oxidase is much tighter than has been generally 
assumed on the basis of experiments performed 
on isolated mitochondria: 

• cytochrome c oxidase threshold depends on the 
respiratory fluxes under which they are measures: 



• measurements of relative enzyme capacities are 

needed for understanding the role of mitochon- 
drial respiratory complexes in human physiopa- 

thology. 

How is the Oxygen Chemistry Energetically 
Coupled to the Pumping of Protons? 

Some insights have come from mutation studies 
(Hosler et al. 1993, 1996, Thomas et al. 1993, Fet- 
ter et al. 1995, Garcia-Horsman et al. 1995) and 
the X-ray structures of cytochrome c oxidase 
(I wat a et al. 1995, Tsukihara et al. 1995, Oster- 
meier et al. 1997, Yoshikawa et al. 1998) revealing 
at least two pathways that are common to bacterial 
and mammalian oxidases, designated as the D and 
K channels due to an aspartate (D132) and a lysine 
(K362) which are key residues in these proton chan- 
nels. 

Aside from the involvement of different proton 
paths, one major difference between current mod- 
els is the extent to which the neutralisation of elec- 
tron input is evoked as contributing to the energy 
of proton pumping. 

The relationships between the amounts of P 450 / 
reductase, the ionic strength of the medium, and 
the presence of cytochrome b 5 was shown to affect 
the amount of reactive oxygen species formed in 
P 450 systems (Zhukov et al. 1989). The interaction 
between P 450 and the electron donors (reductase or 
cytochrome b 5 ) obviously plays an important role 
in determining the amount of reactive oxygen spe- 
cies. Thus, the “tightness” of the electron donor 
coupling to P 450 will influence the formation of reac- 
tive oxygen species in microsomal P 450 systems at 
the level of P 450 and, to a minor extent, at the level of 
reductase. Since this interaction is affected not only 
by the relative amounts of P 450 /electron donor but 
also by the lipid composition, pathophysiological as 
well as nutritional aspects will modulate the 
amount of reactive oxygen species formed (Bern- 
hardt 1996). 

The oxidative burst of phagocytic neutrophil 
granulocytes is mediated by a multi-component 
NADPH oxidase regulated by Rac (Abo et al. 1991). 
Both p67 phox and p21 activated kinase (PAK) are tar- 
gets for Cdc42 and Racl in neutrophils (Prigmore et 
al. 1995)., where PAK may mediate stimulus- 
activated phosphorylation of p47 phox , an event re- 
quired for association of cytosolic components with 
the membrane (Knaus et al. 1995). Peptides con- 
taining residue Ser-328 of p47 phox represent good 
substrates for PAK, this being the site of in vivo 
phosphorylation upon neutrophil activation 
(Benna et al. 1994). It would be of interest to deter- 
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mine effects of PAK inhibition on the oxidative 
burst response of these cells (Manser and Lim 
1999). 

Sulciner et al. (1996) proposed a model in 
which Rac upregulates the production of reactive 
oxygen species and that an elevated level of this 
compound subsequently activates NFxB. NP’y.B is 
indeed potently activated by reactive oxygen species 
(Boettner and Van Aelst 1999). 

The activity of the neutrophil NADPH oxidase is 
regulated in part by the Rac family of GTPases (Bo- 
koch 1994). A variety of emerging evidence sug- 
gests that a similar role for Rac proteins exists in 
non-phagocytic cells. Generation of reactive oxygen 
species in fibroblasts is regulated by Racl (Sunda- 
resan et al. 1996), and oxidants mediate mitogenic 
signalling in Ras-transformed fibroblasts (Irani et 
al. 1997). Racl and oxygen radicals play a role in 
collagenase-1 expression induced by cell shape 
change (Kheradmand et al. 1998). 

Activation of human neutrophils with opsonized 
particles in the presence of a nontoxic dose of 1- 
naphthol resulted in inhibition of superoxide anion 
production but not of the phagocytic activity of the 
cells (’T Hart et al. 1990). The inhibition is not at 
the level of cellular activation since the N-formyl- 
met-leu-phe-induced rise of intracellular free cal- 
cium was unaffected. The (metabolic) activation of 
1-naphthol to 1,4-naphthoquinone by reaction with 
H 2 0 2 from the oxidative burst is a necessary event 
for the inhibition to occur. 

An aged linked decline in the cytochrome oxi- 
dase activity in rat heart mitochondria has been re- 
ported by Paradies et al. (1993, 1994). This decline 
was attributed to a specific decrease in the cardioli- 
pin content of the inner mitochondrial membrane, 
due probably to a peroxidative attack of this phos- 
pholipid by oxy-radicals which are produced during 
ageing process (Paradies et al. 1997). In vitro, rat 
heart mitochondrial membranes exposed to the 
free radical generating system ferf-butylhydroper- 
oxide/Cu 2+ inducing lipid peroxidation established 
a close correlation between oxidative damage to 
cardiolipin and alterations in the cytochrome oxi- 
dase activity (Paradies et al. 1998). 

Piracetam (2-oxo-pyrrolidine-l -acetamide) sti- 
mulated ethanolamine-plasmalogen formation, 
which might be mediated by an increased synthesis 
or turnover of cytochrome b 5 (Woelk and Peiler- 
Ishikawa 1978). The use of various specific anti- 
bodies against NADH cytochrome b 5 reductase in- 
dicated the role of microsomal flavoproteins in the 
supply of reducing equivalents from NADPH or 
NADP to the cyanide-sensitive factor, cyto- 
chrome b 5 seems to be functional as an electron 
carrier between flavoproteins and the cyanide- 



sensitive factor. Plasmalogens are quite abundant in 
certain cells and tissues including the erythrocyte 
(Engelmann et al. 1992), cardiac tissue (Gross 
1984), nervous tissue (Masuzawa et al. 1989), sper- 
matozoa (Lenzi et al. 1996), as well as inflamma- 
tory cells (Mueller et al. 1984). They have been 
considered to play an important role in diseases 
such as cancer (F. and C. Snyder 1975), atheroscle- 
rosis (Engelmann et al. 1994), and ageing (Peri- 
chon et al. 1998) facilitating ion channels in the 
cardiac sarcolemma (Chen and Gross 1994), and 
as intermediates driving lipid mediator biosynthe- 
sis (Fonteh and Chilton 1992). Engelmann et al. 
(1994) investigated in vitro oxidation of low density 
lipoprotein by 2,2’-azo-bis(2-amidinopropane hy- 
drochloride), which decomposes in aqueous solu- 
tions to yield carbon centred radicals, and Cu(II) 
and found that both a-tocopherol as well as plas- 
malogen phospholipids were decreased in a parallel 
manner. Plasmenyl phospholipids were inhibitory 
on the formation of thiobarbituric acid reactive 
substances in Cu(II)-induced oxidation (Zommara 
et al. 1995). When plasmalogens were present in to- 
tal brain liposomes treated with Fe(III)-ADP and 
ascorbate, there was a substantial decrease in the 
total production of thiobarbituric acid reactive sub- 
stances and decrease in the loss of polyunsaturated 
fatty acids (Sindelar et al. 1999). 

The biosynthesis of plasmenyl phospholipids is 
quite complex and entirely separate from the phos- 
pholipid biosynthetic pathways of phosphatidyl 
(1,2-diacyl) glycerophospholipids taking place in 
the endoplasmic reticulum (Lee 1998). The peroxi- 
some is a central and necessary organelle for ether 
phospholipid generation (Van den Bosch et al. 
1993). 

Nitric oxide (’NO) and its derivative peroxyni- 
trite (ONOO“) inhibit mitochondrial respiration by 
distinct mechanisms. Nanomolar concentrations of 
'NO specifically inhibit cytochrome oxidase in 
competition with oxygen, and this inhibition is 
fully reversible when ‘NO is removed. The 'NO in- 
hibition of cytochrome oxidase may be involved in 
the cytotoxicity of ’NO, and may cause increased 
oxygen radical production by mitochondria, with 
may in turn lead to the generation of peroxynitrite. 
Mitochondrial damage by peroxynitrite may medi- 
ate the cytotoxicity of 'NO, and may be involved in 
a variety of pathologies (for review see Brown 
1999). Under turnover conditions, depending on 
the cytochrome c 2+ concentration, either the cyto- 
chrome a 3 2+ -NO or the nitrite bound enzyme is 
formed (Sarti et al. 2000). The predominance of 
one of the two inhibitory pathways depends on the 
occupancy of the turnover intermediates. In the 
dark, the respiration recovers at the rate of NO dis- 
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sociation ( k ’ = 0.01 s" 1 at 37 °C). Illumination of the 
sample speeds up recovery rate only at high reduc- 
tant concentrations, indicating that the inhibited 
species is cytochrome a 3 2+ -NO. When the reaction 
occurred with the oxidised binuclear site, light had 
no effect and NO was oxidised to harmless nitrite 
eventually released in the bulk, accounting for cata- 
lytic NO degradation. 

The electron spin resonance, high performance 
liquid chromatography electron spin resonance, 
and high performance liquid chromatography elec- 
tron spin resonance mass spectroscopy analyses 
showed that cytochrome c catalyses formation of 
pentyl and octanoic acid radicals from 13- 
hydroperoxide octadecadienoic acid (Iwahashi et 
al. 2002). The reaction of 13-hydroperoxide octade- 
cadienoic acid with cytochrome c was inhibited by 
chlorogenic acid, caffeic acid and ferulic acid via 
two possible mechanisms, i.e. reducing cyto- 
chrome c (chlorogenic acid and caffeic acid) and 
scavenging the radical intermediates (chlorogenic 
acid, caffeic acid and ferulic acid). 

6.1. 2.2.1 

Cytochrome P 450 in Nasal Nonciliated Columnar Cells 

The nasal mucosa, the first tissue of contact for in- 
haled xenobiotics, possesses substantial xenobiotic- 
metabolising capacity. 

Thornton-Manning et al. (1996) confirmed 
the presence of CYP2A6 in human respiratory mu- 
cosa. Human CYP2A6 metabolises the olfactory- 
toxic, highly odorous component 3-methylindole to 
both reactive and nontoxic metabolites (Thorn- 
ton-Manning et al. 1996). The ability of CYP2A6 
to accept a number of procarcinogens and toxicants 
as substrates suggests that this enzyme may play a 
protective role in nasal mucosa. However, metabo- 
lism often results in the formation of reactive me- 
tabolites, and CYP2A6 activates a number of com- 
pounds, including 6-aminochrysene, N-nitrosodi- 
ethylamine, N-nitrosodimethylamine, and aflatoxin 
B 4 to toxic or genotoxic metabolites (Davies et al. 
1989). 

In the nasal cavity of the rat, the nonciliated co- 
lumnar cells have an extensive accumulation of 
smooth endoplasmic reticulum in the apical cyto- 
plasm (Monteiro-Riviere and Popp 1984, Popp 
and Monteiro-Riviere 1985) which in some cases 
was so dense as to exclude other organelles such as 
mitochondria. The nonciliated columnar epithelial 
cell was identified on the surfaces of the conchae 
and the lateral nasal wall but not identified on the 
septum. 

The accumulation of smooth endoplasmic retic- 
ulum suggests that nonciliated columnar cells may 



be the source of cytochrome P 450 and P 450 -associated 
enzymes that have been previously described in the 
nasal mucosa (Hadley and Dahl 1982). Nasal mu- 
cosa from rat foetuses and neonates metabolises the 
nasal carcinogen phenacetin (Brittebo and 
Ahlman 1984). 

In the Cynomolgus monkey, cytochrome P 450 , 
NADPH-cytochrome P 450 reductase and some 
monooxygenase activities, especially ethoxycouma- 
rin O-deethylase activity, were present in respira- 
tory epithelium, although in lower levels than in 
liver (Longo et al. 1992). 

Comparing dog, rabbit, guinea pig, Syrian ham- 
ster and mouse, the highest nasal microsomal cyto- 
chrome P 450 concentration was found in the Syrian 
hamster, and the lowest in the dog (Hadley and 
Dahl 1983). As a percentage of liver cytochrome 
P 450 concentration, the nasal epithelial membrane 
P 450 concentrations ranged from 8 % in the mouse to 
41 % in the Syrian hamster. In general, the nasal ep- 
ithelial membrane cytochrome P 450 concentrations 
were closer to the concentrations found in lung mi- 
crosomes than in liver microsomes. In dog and rat 
the highest microsomal cytochrome P 450 concentra- 
tion was found in the ethmoturbinates. 

The known nasal carcinogen hexamethylphos- 
phoramide is rapidly N-demethylated by the dog’s 
nasal microsomes to produce another nasal carcin- 
ogen, formaldehyde (Dahl et al. 1982). Dahl and 
Hadley (1983) reported 18 substances which are 
metabolised to formaldehyde by rat nasal micro- 
somes and which are frequently deposited in the 
nose due to their occurrence as air pollutants or 
their use as drugs, solvents, or essences. With some 
exceptions, the best substrates for metabolism to 
formaldehyde by nasal microsomes tend to be those 
containing N- methyl groups and which have some 
water solubility. The N-demethylation of 14 C- 
aminopyrine by the nasal mucosa of C57 Bl mice 
and Sprague-Dawley rats was induced by phenobar- 
bital pre-treatment and susceptible to inhibition 
with metyrapone and SKF 525 A suggesting the 
presence of a cytochrome P-450-dependent enzyme 
system in the tissue (Brittebo 1982). Immediately 
after injection of 14 C-aminopyrine in rats a uniform 
distribution of radioactivity in the body was re- 
corded. After 30 min, however, a preferential loca- 
lisation of radioactivity was found in the nasal mu- 
cosa and in the liver. By treatment with metyrapone 
the uptake of radioactivity in the nasal mucosa and 
in the liver was blocked suggesting that the ob- 
served accumulation of radioactivity was due to 
metabolites. 

Olfactory microsomes from male Fischer 344/N 
rats were 6-fold more active toward hexamethyl- 
phosphoramide metabolism than microsomes from 
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rat liver and nasal respiratory epithelia and 19-fold 
more active than microsomes from rat lungs 
(Thornton-Manning et al. 1995). 

A reiterative administration of chlormethiazole, 
a specific inhibitor of 2E1 in liver, strongly inhibited 
many CYPs, including 2E1, 1A2, 2G1, and 2A in the 
rat nasal mucosa, but did not influence expression 
of 2B or 3A as determined by immunoblotting or 
catalytic activities (Longo et al. 2000). The chlor- 
methiazole-mediated inhibition of 1A1 and 2E1 was 
demonstrated to be at the mRNA level. 

6.1. 2.2.2 

Cytochromes P 450 in the Lung 

In humans the CYP3A subfamily consists of at least 
three members, CYP3A4, CYP3A5, and CYP3A7 
(Nelson et al. 1996). These CYP forms are involved 
in the metabolism of polycyclic aromatic hydrocar- 
bons and other pro carcinogens in combustion prod- 
ucts, tobacco smoke, and smog (Guengerich 1993, 
Nelson et al. 1996). Using specific antibodies, Ant- 
tila et al. (1997) in 27 patients undergoing surgery to 
remove tumorous lung lesions localised CYP3A5 in 
the ciliated and mucous cells of the bronchial wall, 
bronchial glands, bronchiolar columnar and terminal 
cuboidal epithelium, type I and type II alveolar epi- 
thelium, vascular and capillary endothelium, and al- 
veolar macrophages, whereas CYP3A4 was found in 
bronchial glands, bronchiolar columnar and terminal 
epithelium, type II alveolar epithelium, and alveolar 
macrophages. By reverse-transcriptase-polymerase 
chain reaction with gene-specific primers, CYP3A7 
mRNA was detected in none of the samples. 

In the marmoset lung CYP1A1 was detected in 
the connective tissue of interalveolar septa, in the 
bronchiolar epithelium, in the vascular and bron- 
chiolar smooth muscle cells and in chondrocytes 
(Muller et al. 1999). 

CYP26 expression in normal human tracheo- 
bronchial epithelial cells was compared with that in 
human lung carcinoma cell lines (Kim et al. 2000). 
CYP26 mRNA could be induced by the retinoic acid 
receptor-selective retinoid 4-(5,6,7,8-tetrahydro- 
5,5,8,8-tetramethyl-2-anthracenyl)-benzoic acid but 
not by the retinoid X receptor-selective retinoid 
SRI 1217 or the anti-activator-protein 1-selective 
retinoid SRI 1302. Retinoic acid receptor a-, |3, and 
y-selective retinoids were able to induce CYP26; 
this induction was inhibited by the retinoic acid 
receptora-selective antagonist Ro41-5253. The in- 
duction of CYP26 correlated with increased bio- 
transformation of retinoic acid into 18-hydroxy-, 4- 
oxo-, and 4-hydroxy-retinoic acid. 

In the rabbit, microsomes of peripheral lung tis- 
sue, airways, small and large vessels, and lysates of 



alveolar macrophages all expressed proteins of 
~ 50 kDa which cross reacted with a primary anti- 
body raised against rat liver cP450 4A1 (Zhu et al. 
1998). 

In the lungs of male and female rats cytochrome 
P 450b was present and its expression in this tissue was 
independent of phenobarbital treatment (Ramper- 
saud and Walz Jr (1986). Formation of 1-hexanol in 
rat lung was catalysed by a cytochrome P 450 isozyme 
different from the major isozymes induced by either 
phenobarbital or |3-naphthoflavone (Toftgird et al. 
1986). Similarly, formation of 2,5-hexanediol from 2- 
hexanol was catalysed by a P 450 isozyme different 
from cytochrome P 450 -phenobarbital-B and present 
in liver but not in lung microsomes. In silica-treated 
rats, pulmonary total activity of cytochromes P 450 (all 
isoenzymes) was increased, and so was that of 
CYP2B1 (Miles et al. 1993). 




Cytochrome P 450 isozyme 5 is a major component of 
the rabbit pulmonary P 450 system (Slaughter et al. 
1981). CYP2B4 and 4B1 each represent 30-40% of 
the total cytochrome P 450 levels in rabbit lung mi- 
crosomes (Domin et al. 1986). Spectral measure- 
ments of P 450 s in microsomes prepared from iso- 
lated pulmonary cells of rabbits indicated that the 
highest concentration of cytochrome P 450 is in Clara 
cells (Aune et al. 1985). In male Fischer rats, C57BL 
mice, Hartley guinea pigs and monkey, rates of total 
and isozyme 5-catalysed metabolism of 2-amino- 
fluorene were grater with pulmonary than with he- 
patic microsomal preparations from untreated ani- 
mals (Vanderslice et al. 1987). 

Cytochrome P 450 1 A was induced in hamster lung 
by 5 mg 6-nitrochrysene per day for 3 days (Chen 
et al. 1998). 

6. 1.2. 2.3 

Cytochromes P 450 in the Liver 

A variety of hydrazine derivatives such as the drugs 
iproniazid, phenelzine (2-phenylethylhydrazine), 
isoniazid, isocarboxacid, and hydralazine have been 
associated with liver injury, and a common activa- 
tion mechanism has been proposed (Nelson et al. 
1980, Reynolds and Moslen 1980). Phenelzine re- 
acted with the prosthetic hem of cytochrome P 450 
and inactivated the enzyme (Muakkassah and 
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Yang 1981). Support for the theory of alkyl radical 
transfer was provided by Ortiz de Monellano et 
al. (1983) who used the electronic paramagnetic 
resonance spin-trapping technique to detect the 2- 
phenylethyl radical formed during microsomal bio- 
transformation of phenelzine. Production of the 
a-(4-pyridyl 1 -oxide) -N-ferf-b utylnitrone/2-phenyl - 
ethyl radical adduct was dependent on the presence 
of active microsomes, phenelzine, NADPH (or 
NADH), and spin trap a-(4-pyridyl l-oxide)-N-tert- 
butylnitrone (Ortiz de Monellano et al. 1983). 
The addition of catalase and superoxide dismutase 
resulted in a 28.5 and 24 % decrease in radical pro- 
duction, respectively (Rumyantseva et al. 1991). 
The concentration of the a-(4-pyridyl l-oxide)-N- 
ferf-butylnitrone/2-phenylethyl radical adduct de- 
creased significantly in the presence of metal chela- 
tors, i.e. EDTA, diethylenetriaminepentaacetic acid 
(DTPA), or deferoxamine mesylate. 

CYP2E1 (also termed P450j or LM3a) is involved 
in the bioconversion of ethanol. Incubation of he- 
patocytes of adult male Sprague-Dawley rats with 1 
and 10 mM ethanol increased the production of re- 
active oxygen species by 72 and 151 %, respectively, 
which was associated with mild decreases in cell vi- 
ability (Bailey et al. 1999). Antimycin, a mitochon- 
drial complex III inhibitor, elicited a 17-fold in- 
crease in the levels of reactive oxygen species and 
markedly decreased hepatocyte viability and ATP 
levels. Ethanol increased reactive oxygen species 
production and the cytosolic NADH/NAD + ratio of 
antimycin-treated cells. Rotenone, a mitochondrial 
complex I inhibitor that allows electron flow to 
complex III, significantly increased reactive oxygen 
species production in antimycin plus ethanol- 
treated cells. Diphenyliodonium, a mitochondrial 
complex I inhibitor that inhibits electron flow 
through flavin mononucleotide, attenuated reactive 
oxygen species generation in all groups. 

A specific hepatic microsomal isoenzyme of cy- 
tochrome P 450 (termed CYP4A1 or P452) with a nar- 
row substrate specificity for co-hydroxylation of 
fatty acids was induced by peroxisome proliferators 
clofibrate (Gibson et al. 1982, 1990, Tamburini et 
al. 1984, Gibson 1992) and phthalates. 

6.1. 2.2.4 

Cytochromes in the Testis 

The testicular level of xenobiotic metabolising cyto- 
chrome P 450 -dependent monooxygenase activity is 
regulated by the anterior pituitary gland via the se- 
cretion of the gonadotropic hormone, luteinizing 
hormones (Lee et al. 1980). In the rat, a significant 
decrease in cytochrome P 450 content occurred after 
hypophysectomy. 



Cytosolic NAD(P)H quinone oxidoreductase is a 
two-electron reductase that can either bioactivate 
or detoxify quinones and, thus by the latter func- 
tion, prevent their participation in redox cycling 
and oxidative stress (Ernster et al. 1962). In hy- 
pophysectomized Sprague-Dawley rat, a 2.2-fold in- 
crease was found in the testicular cytosolic fraction 
(Mehrotra et al. 1999). 

6. 1.2.2. 5 

Cytochromes in the Nervous System 

Cytochromes are responsible for electron transport 
and oxidative phosphorylation yielding adenosine 
triphosphate needed for vital processes such as pro- 
tein synthesis, maintenance of the resting mem- 
brane potential, and rapid axoplasmic transport 
within neurones (Ochs and Ranish 1970, Ochs 
and Holligsworth 1971). 

An involvement of CYP2D6 in the pathogenesis 
of Parkinson’s disease has been postulated, al- 
though this suggestion has been a matter of contro- 
versy (Sturman and Williams 1991, Tanner 
1991, Smith et al. 1992). 

In the rabbit brain, the Nadi (a-naphthol, 
dimethyl-p-phenylenediamine) reaction showed 
marked activity of cytochrome oxidase in the cau- 
date nucleus, the putamen, the anterior nucleus of 
the thalamus, the optic tectum, the interpeduncular 
nucleus, Goll’s and Burdach’s nuclei, and the infe- 
rior olivary nucleus (Shimizu et al. 1957). A mod- 
erate reaction was seen in the neocortex, hippo- 
campus, dentate gyrus, substantia nigra, cerebellar 
cortex and the nuclei of the cranial nerves. 

Using diaminobenzidine, in the squirrel monkey 
the levels of activity of cytochrome oxidase differed 
from one region of the brain to another (Wong- 
Riley 1976). The reactive neurones belonged to the 
extrapyramidal motor system (globus pallidus, sub- 
stantia nigra [pars diffusa], nucleus ruber, pontine 
and mesencephalic reticular formation), to certain 
cranial nerve nuclei (oculomotor, trochlear, abdu- 
cens, mesencephalic trigeminal, vestibular) and to 
relay nuclei of the auditory pathway (superior oli- 
vary nucleus and nucleus of the trapezoid body). 
Under the electron microscope, reaction products 
were localised prominently along the cristae and 
limiting membranes of the mitochondria and 
within peroxisome-like bodies of the stained neuro- 
nes. Non-reactive neurones had little or no reaction 
products in their organelles. 

Cerebral blood vessels are a potentially impor- 
tant site of drug metabolism and P 450 in the vessels 
may influence what substances gain access to the 
brain (Warner et al. 1998). Number of CNS-active 
drugs are also good inducers of cytochrome P 450 . 
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6.1.2.2.6 

Cytochromes P 450 and P 448 in the Skin 

Cytochrome P 450 was first shown to be present in rat 
skin microsomes following the skin application of 
polychlorinated biphenyls (Bickers et al. 1974). 
Skin application of l,l,l-trichloro-2,2-bis(p-chloro- 
phenyl)ethane (DDT) caused a twofold induction of 
hepatic cytochrome P 450 whereas polychlorinated 
biphenyls evoked a greater than three-fold induc- 
tion of cytochrome P 448 . The primary inducibility of 
cytochrome P^g in the skin is of considerable inter- 
est since the metabolic activation of polycyclic hy- 
drocarbon carcinogens appears to occur best with 
cytochrome P 448 -dependent enzymatic activity 
(Bickers 1980, Ioannides and Parke 1987). 
Chemicals which interact with cytochromes P 448 , 
such as 7-ethoxyresorufin, 9-hydroxyellipticine and 
3-methylcholanthrene, are essentially rigid, planar 
molecules, whereas compounds that interact with 
the phenobarbitone-cytochromes P 450 , but elicit no 
interaction with cytochromes P 448 , are non-planar, 
bulky molecules (Lewis et al. 1986). 

6.1. 2.2.7 

Cytochrome b 558 in the Carotid Body 

Using a monoclonal antibody against the large cy- 
tochrome h 558 subunit, gp91phox, and other anti- 
bodies serving as neural (PGP 9.5) and monocyte/ 
macrophage markers (EDI, ED2), Dvorakova et al. 
(2000) demonstrated at light and electron micro- 
scope levels that monocytes/macrophages are abun- 
dantly present in the rat carotid body and represent 
the major source of cytochrome h 558 in this organ. 

6.1 .2.2.8 

Cytochrome b 558 in the Neutrophil 

In neutrophils, cytochrome h 558 is located in the 
plasmalemma and in the membrane of specific 
granules at a 3/7 or lower ratio (Segal and Jones 
1979, Borregaard et al. 1983). Hence, in the rest- 
ing neutrophil cytochrome h 558 is mainly located in 
intracellular membranes. After activation, these 
granules fuse with the plasma membrane, transfer- 
ring the cytochrome h 558 to the cell surface. 

Cytochrome h 558 from human neutrophil plasma 
membranes directly interacted with p47 PHOX (Dang 
et al. 2001). This interaction increased when the 
proteins were incubated in the presence of Racl- 
guanosine triphosphate/guanosine diphosphate. 



6. 1.2. 2.9 

Cytochrome c-Derived Microperoxidase 8 

Microperoxidase 8 is a heme octapeptide, obtained 
by enzymatic hydrolysis of heart Cytochrome c, in 
which a histidine is axially co-ordinated to the 
heme iron, and acts as a fifth ligand. It exhibits two 
kinds of activities: a peroxidase-like activity and a 
cytochrome P 450 -like activity. Ricoux et al. (2000) 
have shown that microperoxidase 8 is not only able 
to oxidise various aliphatic and aromatic hydroxyl- 
amines with the formation of microperoxidase 8- 
Fe(II)-nitrosoalkane or -arene complexes absorbing 
around 414 nm, but also that these complexes can 
be obtained by reduction of nitroalkanes. 

6. 1.2. 3 

NADH Dehydrogenase 

NADH dehydrogenase, by other name NADH cyto- 
chrome c reductase (EC 1.6.99.3; formerly EC 
1.6. 2.1), a flavoprotein containing iron-sulphur cen- 
tres, was detected in pituicytes of the rat (Bock and 
Goslar 1969) using 2,2’,5,5 , -tetra-p-nitrophenyl- 
3,3’-(3,3’-dimethoxy-4,4’-biphenylene)-ditetrazolium 
chloride according to Rosa and Tsou (1961). 

In vascular cells, a major source of oxygen radi- 
cal production is a membrane-bound, flavin-con- 
taining NADH/NADPH-dependent oxidase, which 
is regulated in vitro and in vivo by angiotensin II. 
Homogenates of the aorta of rabbits treated with 
nitro-glycerine patches (1.5 pg/kg/min x 3 d) dis- 
played activities of 67±12 vs. 28±2 nmol 0 2 ’~/min 
x mg protein vs. aortic homogenates from un- 
treated animals (Munzel 1997). Acute addition of 
hydralazine (10 pM) to nitro-glycerine-tolerant ves- 
sels immediately inhibited 0 2 ’“ production and 
NADH-oxidase activity in vascular homogenates. 
The lucigenin-enhanced chemiluminescence signal 
was inhibited by a recombinant heparin-binding 
superoxide dismutase demonstrating the specificity 
of this assay for 0 2 *'. 

6.1. 2.4 

NADPH Dehydrogenase 

NADPH dehydrogenase (EC 1.6.99.6) catalyses the 
univalent reduction of 0 2 to 0 2 ’ - according to the 
reaction: 

2 0 2 + NADPH — »-2 Oy + NADP + + H + [43] 

NADPH dehydrogenase has also been shown to ca- 
talyse the divalent reduction of 0 2 to H 2 0 2 under 
certain experimental conditions (Green and Wu 
1986, Green and Pratt 1987). The K m value for 
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NADPH of NADPH dehydrogenase amounts to 
30-80 pM, that for NADH to 0.4 -0.9 pM, and that 
for oxygen to about 10 pM (Babior et al. 1975, 
1976, Gabig and Babior 1979, Cohen et al. 1980, 
Lew et al. 1981, Chaudhry et al. 1982, Wakeyama 
et al. 1982, Yamaguchi et al. 1983, Suzuki et al. 
1985, Tamura et al. 1988). 

NADPH dehydrogenase is an enzyme system, 
which apparently consists of multiple components 
localised in the plasmalemma, in specific granules, 
and in the cytosol of phagocytes. A number of com- 
ponents has been suggested to be involved in the re- 
dox chain of NADPH dehydrogenase, including fla- 
vine adenine dinucleotide (FAD), quinones, and a 
phagocyte-specific cytochrome referred as cyto- 
chrome fr_ 2 4 5 . 

There is substantial experimental evidence for 
the assumption that cytochrome h_ 245 is the terminal 
redox component of NADPH dehydrogenase. Cyo- 
tochrome h_ 245 has been identified in various types 
of phagocytes including neutrophils, eosinophils, 
HL-60 cells, and mononuclear cells (Segal et al. 
1981). 

6.1. 2.5 

Galactose Oxidase 

Galactose oxidase (EC 1 .1 .3.9) 

R-CH 2 0H + 0 2 — >~R-CH0 + H 2 0 2 [44] 

Galactose oxidase (EC 1. 1.3.9) is one of a group of 
copper-containing oxidative enzymes that includes 
monoamine oxidase, laccase (EC 1.10.3.2), ascor- 
bate oxidase (EC 1.10.3.3), tyrosinase and dopa- 
mine monohydroxylase. The enzyme consists of a 
single polypeptide chain of 639 amino acid residues 
(McPherson et al. 1992) with molecular mass of 
68 kDa. The reaction catalysed by galactose oxidase 
is the oxidation of primary alcohols (e.g. the hy- 
droxyl group at the C6 position of D-galactose) to 
aldehydes, accompanied by the reduction of the 
molecular oxygen to hydrogen peroxide: 

Specificity for the alcohol substrate is very broad, 
ranging from small molecules (e.g. propanediol) to 
polysaccharides. Galactose oxidase is strictly stereo 
specific. It does not oxidise either D-glucose or l- 
galactose. 

A covalent linkage between Tyr272 and Cys228 
has been observed, whose functional role may re- 
late to the presence of a tyrosine free radical at 
Tyr272. The tyrosine free radical could be stabilised 
by delocalization to Cys228 and stacking interac- 
tions with Tryp290 (Ito et al. 1994). 

The formally two-electron redox reactions, the 
alcohol oxidation and the 0 2 reduction, are per- 



formed at a molecular Cu(II) centre, where the 
bound tyrosyl radical (Tyr272‘) acts as the addi- 
tional one-electron redox site. Thus, the active spe- 
cies (fully oxidised state) of the enzyme is the 
Cu(II)-phenoxyl radical complex that is trans- 
formed into a Cu(I)-phenol species (fully reduced 
state) in the alcohol oxidation via the following 
mechanism: 

• deprotonation from the -OH group of the bound 
substrate, 

• inner-sphere electron transfer from the depro- 
tonated substrate to Cu(II), 

• a-hydrogen atom abstraction of the resulting ke- 
tyl radical by the phenoxyl radical of Tyr272 (the 
ordering of electron transfer and hydrogen atom 
abstraction steps could be reversed. 

Hydrogen atom abstraction by Cu(II)- and Zn(II)- 
phenoxyl radical complexes was used as a model for 
the active form of galactose oxidase (Taki et al. 
2000). 

6. 1.2. 6 

Xanthine Oxidase 

The molybdoenzyme, xanthine oxidoreductase is a 
homodimer of 150 kDa subunits and exists in two 
interconvertible forms, dehydrogenase (EC 
1.1.1.204) and xanthine oxidase (EC 1.1.3.22). Re- 
duction of oxygen by either form of the enzyme 
yields superoxide radical anion and hydrogen per- 
oxide with xanthine or hypoxanthine as substrates. 
Xanthine dehydrogenase preferentially reduces 
NAD + , whereas xanthine oxidase does not reduce 
NAD + , preferring molecular oxygen. 

The molybdenum in these enzymes is bound by 
a special organic pterin cofactor, and is not held di- 
rectly by the sidechains of proteins. The pterin co- 
factor actually is a dithiolate complex. The molyb- 
denum in the enzymes is not re-oxidised directly by 
molecular dioxygen and the ancillary flavin and Fe/ 
S centres have to do with the way in which dioxygen 
is activated; oxygen transfer by molybdenum en- 
zymes is of oxygen atoms from water and not from 
dioxygen. 

Xanthine dehydrogenase from Eubacterium bar- 
ken has a mass of 530 kDa and three types of sub- 
units. It contains molybdopterin as the molybde- 
num-complexing cofactor and 1 mol of selenium in 
a non-selenocysteine form per mol of native en- 
zyme (Schrader et al. 1999). 

Xanthine oxidase from buttermilk produced 0 2 ‘“ 
and H 2 0 2 in a ratio of 25:75, while a microbial xan- 
thine oxidase was unable to produce any 0 2 ' - (Wip- 
pich et al. 2001). 
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Xanthine oxidoreductase is asymmetrically loca- 
lised not only in the cytoplasm but also on the outer 
surface of human endothelial (umbilical vein endo- 
thelial cells and EA-hy-926 permanent endothelial 
cell line) and epithelial (HB4a, a mammary epithe- 
lial cell line conditionally immortalised by transfec- 
tion with SV40 virus) cells in culture (Rouquette 
et al. 1998). 

Pulse radiolytic investigations of the hypoxan- 
thine-xanthine-uric acid system 0.8 us after the 
generation of electron pulses (800 KeV, 4 ns) 
showed transient species produced by action of HO' 
radical on hypoxanthine (Santamaria et al. 1984). 
The rate of formation of the transient depends on 
hypoxanthine concentration. The radical decay 
leads directly to the formation of xanthine. Another 
radical was produced by oxidation of xanthine by 
HO' in less than 1.6 p,s. Such a reaction was xan- 
thine concentration dependent. The decay of this 
radical after ca. 400 us did not lead directly to the 
formation of uric acid. Santamaria et al. (1984) 
suppose that its disproportionation occurs through 
another transient, which could be a dimer. 

Not only 0 2 ’~ and HO', but also alkyl or alkoxyl 
radicals (R*) were formed when saccharides such as 
glucose, fructose and sucrose were added into the 
xanthine oxidase/hypoxanthine system containing 
iron (Luo et al. 2001). The generated amount of R' 
depended on the kind and concentration of saccha- 
rides added into this system. In the absence of sac- 
charides no R" were detected, indication that there 
is an interaction between the saccharide molecules 
and the free radicals generated from the iron con- 
taining hypoxanthine/xanthine oxidase system. 

Xanthine oxidase is an ubiquitous 0 2 metabolite- 
producing enzyme which has been implicated in 
ischaemia-reperfusion (McCord 1985), hypoxia re- 
oxygenation (Terada et al. 1992) and remote organ 
(Terada et al. 1992) injury. The oxidase form is de- 
rived from posttranslational modification of xan- 
thine dehydrogenase (Amaya et al. 1990), and ac- 
counts for about 10 % of the total enzymatic activity 
(Engerson et al. 1987, Saksela and Raivio 1996). 

Relevant to the proposed role of xanthine oxi- 
dase in postischemic tissue injury, hypoxia was 
found to induce a gradual tissue increase in xan- 
thine oxidase-xanthine dehydrogenase activity over 
16-72 h in cultured endothelial cells (Terada et al. 
1992, Hassoun et al. 1994, Poss et al. 1996). In a 
more rapid fashion, hyperoxia decreases xanthine 
oxidase-xanthine dehydrogenase activity in both 
cultured cells and rat lungs (Terada et al. 1988, Pa- 
nus et al. 1992). The control of xanthine oxidase- 
xanthine dehydrogenase levels by oxygen tension is 
a complex process involving pre- and posttransla- 
tional points of regulation (Terada et al. 1997). 
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Sustained elevation of [Ca 2+ ] ; in ischaemia can pro- 
mote the conversion of xanthine dehydrogenase to 
xanthine oxidase (McCord 1985). Under low en- 
ergy conditions, where large parts of ATP are con- 
verted to hypoxanthine, this may result in a massive 
generation of reactive oxygen species. The activa- 
tion of xanthine oxidase has been implicated for is- 
chaemic neuronal death in vivo (Coyle and Putt- 
farcken 1993) and in kainate toxicity to cerebellar 
granule cells in vitro (Dykens et al. 1987). 

In adult respiratory distress syndrome plasma 
xanthine oxidase activity (as measured by monitor- 
ing the rate of conversion of 14 C-hypoxanthine to 
14 C-uric acid) was >75mIU/l in 8 of 15 patients, 
but in none of the control patients (Ragsdale et al. 
1986). 

Intravenous administration of xanthine (0.225 
mg/kg) plus xanthine oxidase (3.0 units/kg) to 
anaesthetised rats resulted in a rapid fall in the ar- 
terial pressure and a mortality rate of over 80% 
during 120 min observation period (Jacinto and 
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Jandhyala 1992). Pre-treatment of the rats with 
superoxide dismutase alone or combined with cata- 
lase enhanced survival rate to 60 % confirming that 
the toxicity after xanthine plus xanthine oxidase ad- 
ministration is due to the generation of oxygen free 
radicals. Pre-treatment of the rats with either felo- 
dipine, a dihydropyridine calcium antagonist or 
verapamil, a structurally different Ca 2+ -channel 
blocker was most effective in promoting survival 
rat to 90%; in contrast hydralazine, an arteriolar 
dilator but not a calcium antagonist, was ineffective 
in significantly enhancing survival. 

In the absence of oxygen, nitro compounds or 
other bioreductive drugs act as alternative electron 
acceptors. Nitric oxide synthases (NOS) are cyto- 
chrome P 450 -related enzymes that convert arginine 
to 'NO and citrulline. Two constitutive forms are 
expressed in neurones (nNOS) or endothelial cell 
(eNOS), respectively, and are activated by Ca 2+ /cal- 
modulin. Other isoforms (iNOS) in microglia or as- 
troglia are inducible by a variety of stimuli, such as 
cytokines, and function at basal Ca 2+ concentra- 
tions. Activation of bNOS following Ca 2+ entry 
through the N-methyl-o-aspartate receptor 
(NMDA-R) has been implicated in excitotoxicity to 
cortical neuronal cultures (Dawson et al. 1991) and 
in ischaemia due to middle cerebral artery occlu- 
sion (Huang et al. 1994). The possible terminal cy- 
totoxic mediator may be peroxynitrite formed from 
‘NO and 0 2 ‘". 

L-Arginine-nitric oxide pathway 

nos +oy 

L-Arginine — »-Nitric oxide(’NO) — *■ Peroxynitrite (ONOCL) 

[ 46 ] 

N-Methyl-o-aspartate receptor activation in per- 
fused, ventilated rat lungs triggered acute injury, 
marked by increased pressures needed to ventilate 
and perfuse the lung, and by high-permeability oe- 
dema (Said et al. 1996). The injury was prevented 
by competitive NMDA receptor antagonists or by 
channel blocker MK-801, and was reduced in the 
presence of Mg 2+ . As with NMDA toxicity to central 
neurones, the lung injury was ‘NO dependent: it re- 
quired L-arginine, was associated with the in- 
creased production of ‘NO, and was attenuated by 
either of two NO synthase inhibitors, W'-nitro-L- 
arginine methyl ester and L-nitroarginine. 

Clarke et al. (1982) measured the kinetics of re- 
duction of nitroimidazoles by xanthine/xanthine 
oxidase and estimated the initial rates at a concen- 
tration probably rather less than the Michaelis K m 
value. The redox dependence of this flavoenzyme 
was quite similar to that found with free flavins. 



Incubation of A 10 cells, a murine vascular 
smooth muscle cell line, with xanthine oxidase and 
purine resulted in an enhancement of adenylate cy- 
clase activation (Tan et al. 1995). The effect of pu- 
rine and xanthine oxidase was not blocked by co- 
incubation with superoxide dismutase (which catal- 
yses the conversion from superoxide anion to 
H 2 0 2 ). This suggests that the generation of the su- 
peroxide anion is not involved in the mechanism of 
enhancement of adenylate cyclase activation. 

Xanthine oxidase increased the rate of actin po- 
lymerisation and accelerated the conversion of 
F(ATP)actin into F(ADP,Pi)actin (Lanzara et al. 
1988). 

Exposure of cultivated human glial cells (U- 
787CG, U-622CG, U-1508CG) to a hypoxanthine- 
xanthine oxidase reactive oxygen metabolites 
(ROM) generating-system showed acute and irre- 
versible injury (Thaw et al. 1983): increased forma- 
tion of endocytotic vacuoles, enhanced membrane 
ruffling activity, followed by cellular contraction 
and nuclear as well as cytoplasmic condensation. 
Subcellular alterations consisted of damage to all 
organelles (endoplasmic reticulum, mitochondria, 
nuclei) and a highly increased rate of autophagic 
activity. 

Non-competitive inhibition was induced by 
metal ions (Mondal et al. 2000). The inhibition 
constant for Cu 2+ and Hg 2+ are in the micromolar 
and that for Ag + is in the nanomolar range. pH de- 
pendence studies of the inhibition indicated that at 
least two ionisable groups of xanthine oxidase are 
involved in the binding of these metal ions. Xan- 
thine oxidase formed optically observable com- 
plexes with Cu 2+ ion (Sau et al. 2001). The pH de- 
pendence studies of the formation of Cu 2+ -xanthine 
oxidase by optical spectroscopy and circular dichro- 
ism showed that at least one ionizable group may be 
responsible for the formation of the complex. EPR 
studies showed that Cu 2+ ion binds to xanthine oxi- 
dase with sulphur and nitrogenous ligands. A tran- 
sient kinetic study of the interaction of Cu 2+ with 
xanthine oxidase showed the existence of two Cu 2 
bound xanthine oxidase complexes formed at two 
different time scales of the interaction, one at 
< 5 ms and the other one at around 20 s. The com- 
plex formed at longer time scale may be responsible 
for the inhibition of the enzyme activity. 

A marked dose-dependent inhibition of xanthine 
oxidase activity by rutin (200-300 pM) and narin- 
gin (200-400 pM) was shown in the xanthin- 
xanthine oxidase system, while the addition of cate- 
chin (200-400 pM) exhibited a lower effect on uric 
acid formation (Russo et al. 2000). 

6-Formylpterin, a mixed-type xanthine oxidase 
inhibitor (Oettl and Reibnegger 1999), reacted 
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with NAD(P)H and consumed oxygen catalysing 
the conversion of NADH to NAD (Arai et al. 2001). 
Electroparamagnetic resonance spin trapping ex- 
periments demonstrated that this reaction is ac- 
companied with the generation of reactive oxygen 
species, superoxide anion and hydrogen peroxide. 
When 6-formylpterin was administered to HL-60 
cells, intracellular generation of reactive species was 
observed and apoptosis was induced. 

Esculetin (IC 50 = 20.91 qM), umbelliferone (7- 
hydroxycoumarin; IC 50 = 43.65 uM), and 7-hydro- 
xy-4-methylcoumarin (IC 50 = 96.70 uM) are strong 
xanthine oxidase inhibitors (Chang and Chiang 
1995). The structure of 7-hydroxycoumarin plays a 
very important role in xanthine oxidase inhibition. 
The 6-hydroxy group present in the molecule of 7- 
hydroxycoumarin, e.g. esculetin enhanced the ac- 
tivity, whereas substitution by the 6-methoxy 
group, e.g. scopoletin, reduced the inhibitory effect. 




Scopoletin (6-methoxy-7-hydroxycoumarin) [47] 



Esculetin (100 fjM for 24 h) reduced the level of 
cyclin-dependent kinase (CDK) 4, up-regulated 
p27, and down-regulated cyclin D1 in the cell cycle 
of human leukaemia HL-60 cells (Wang et al. 2002). 

Protein kinase C £ was activated by both 
interleukin-3 and insulin (Mendez et al. 2001). The 
insulin response required the presence of IRS- 1 and 
was inhibited by the addition of wortmannin. 

Quercetin, 3’-methylquercetin, quercetin-4’- 
glucuronide, and quercetin-3’-glucuronide inhib- 
ited xanthine oxidase at low micromolar concentra- 
tions whereas quercetin-3-sulphate, quercetin-3- 
glucuronide, and quercetin-7-glucuronide had 
50-800-fold higher inhibitory constants (Day et al. 
2000). Quercetin-4’-glucuronide was also as effec- 
tive at scavenging superoxide radicals generated by 
xanthine oxidase as quercetin aglycone at the same 
concentration. Quercetin (5 mg/kg i.p.) protected 
lung tissues of Swiss albino female mice from sul- 
phur mustard (1 LC 50 = 42.3 mg/m 3 for 1 h dura- 
tion) intoxication (Kumar et al. 2001). 

On the other hand, quercetin in common with 
(-)-epicatechin (Chrisey et al. 1988) and 4’-(9- 
acridinylamino)methanesulphon-m-anisidine 
(Wong et al. 1984), can reduce oxygen to produce 
superoxide without the involvement of a thiol or 
other reducing agent (Fazal et al. 1990). The hy- 
droxyl radical can be produced from quercetin and 
Cu(II) by alternative pathways. The strand scission 
of DNA was shown to occur under conditions in 



which Cu(II), quercetin and either hydrogen perox- 
ide or oxygen were present and superoxide was not 
a necessary intermediate. Strand scission involved 
the hydroxyl radical and a radical DNA intermedi- 
ate. 



6.1. 2.7 

L-4,5-Dihydroorotate:Oxygen Oxidoreductase 



Production of superoxide radical anion (0 2 *~) dur- 
ing oxidation of dihydroorotate in rat liver mito- 
chondria was not affected by antimycin A, thenoyl- 
trifluoroacetone, or added ubiquinone but was in- 
hibited by orotate, a product inhibitor of dihydroo- 
rotate dehydrogenase (Forman and Kennedy 
1975). It appears likely that superoxide is generated 
at the primary dehydrogenase. Dihydroorotate de- 
hydrogenase differs from succinate dehydrogenase 
both in its utilisation of ubiquinone and in the 
mechanism of cytochrome h reduction. Formation 
of orotate is only partially inhibited by thenoyltri- 
fluoroacetone and the inhibitor does not prevent 
the reduction of cytochrome by dihydroorotate. 




6. 1.2.8 

Cucumber Monodehydroascorbate Reductase 

Cucumber monodehydroascorbate reductase (EC 
1.6. 5. 4) is capable of reducing phenoxyl radicals 
which are generated by horseradish peroxidase with 
H 2 0 2 (Sakihama et al. 2000). The addition of mon- 
odehydroascorbate reductase plus NADH sup- 
pressed the horseradish peroxidase/H 2 0 2 -depen- 
dent oxidation of quercetin, accompanied by the 
oxidation of NADH. ESR confirmed the quenching 
of the quercetin radical by monodehydroascorbate 
reductase plus NADH. Monodehydroascorbate re- 
ductase with NADH also suppressed the horserad- 
ish peroxidase/H 2 0 2 -dependent oxidation of hy- 
droxycinnamates, including ferulic acid, coniferyl 
alcohol, and chlorogenic acid. 



6. 1.2. 9 

Prostaglandin H Synthase 

Prostaglandin H synthase (EC 1.14.99.1), also called 
cyclooxygenase, is the rate-limiting enzyme in the 
conversion of arachidonic acid to prostanoids. To 
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date, two cyclooxygenase isoforms (COX-1 and 
COX-2) have been cloned; they share over 60% 
identity at the amino acid level and have similar en- 
zymatic activities (Taketo 1998). COX-1 is consti- 
tutively expressed in most tissues and is considered 
as a housekeeping gene involved in cytoprotection 
of the stomach, vasodilatation in the kidney, and 
control of platelet aggregation. COX-2 is an 
immediate-early gene that can be induced by vari- 
ous stimuli such as hormones, cytokines, growth 
factors, and tumour promoters. Increased expres- 
sion of COX-2 has been associated with inflamma- 
tory processes and carcinogenesis (Williams et al. 
1999, Van Rees et al. 2002). 

NO activates COX-1 and COX-2 (Corbett et al. 
1993, Salvemini et al. 1993), 

Non-steroidal anti-inflammatory drugs inhibit 
cyclooxygenases and thus the conversion of arachi- 
donic acid to prostanoids. 

6.1.3 

Modulation of the Respiratory Burst 

6.1.3. 1 

Activation 

6. 1.3. 1.1 
Protein Kinase C 

Protein kinase C represents a family of more than 
11 phospholipid-dependent serine/threonine ki- 
nases that are involved in a variety of pathways that 
regulate cell growth, death, and stress responsive- 
ness. 

Protein kinases C transduce the of signals medi- 
ated by phospholipid hydrolysis. Activation of G 
protein coupled receptors, tyrosine kinase recep- 
tors, and nonreceptor tyrosine kinases can activate 
protein kinase C, by stimulation of either phospholi- 
pases C to yield diacylglycerol or phospholipase D 
to yield phosphatidic acid and then diacylglycerol. 
Phospholipase D has been implicated in the process 
of generation of reactive oxygen species by neutro- 
phil granulocytes (for review see Exton 2002, p. 53). 

The isoenzymes of protein kinase C fall into 
three subclasses according to their dependence on 
Ca 2+ for activation. The Ca 2+ -dependent group in- 
cludes PKC subtypes a, p b |3 U , and y, and the Ca 2+ - 
independent group includes PKC subtypes S, e, e', 
r|, and f). The regulation of the atypical subtypes 'Q, 
i, and /. has not been clearly established, although 
their activities are stimulated by phosphatidylser- 
ine. Protein kinase p (human) and its murine ho- 
mologue, protein kinase D, form a distinct class in 
that the kinase core is actually most similar to that 
of the calmodulin-dependent kinases and no pseu- 



dosubstrate motif has been identified (Newton 
1997). Immunocytochemical analysis has clearly es- 
tablished that different protein kinase C isoen- 
zymes localise to different subcellular compart- 
ments (Jaken 1996). 

Rat aortic smooth muscle cells cultured with 
20 mmol/1 glucose showed statistically significant 
increases in protein kinase C activities, the expres- 
sion ofPKC-|3„ isoform and platelet derived growth 
factor-|3 receptor protein, and proliferation activi- 
ties, compared with smooth muscle cells cultured 
with 5.5 mmol/1 glucose (Nakamura et al. 2001). 
Although epalrestat and LY333531 inhibited protein 
kinase C activation induced by glucose in the same 
degree, the effect of epalrestat on proliferation ac- 
tivities and expression of the platelet derived 
growth factor-fi receptor were more prominent 
than those of LY333531. Epalrestat improved the 
glucose-induced decrease in free cytosolic NAD + : 
NADPH ratio and reduced glutathione content, but 
LY333531 did not. The increased expression of 
membranous PKC-(3 n isoform was normalised by 
epalrestat. 

The atypical protein kinase C, is ubiquitously 
expressed. It is considered atypical in that it is not 
activated by diacylglycerol or pre-treatment with 
phorbol esters. In addition, the protein does not 
undergo translocation from cytosol to membrane 
when activated. Phosphatidylinositol 3,4,5-triphos- 
phate has been shown to result in a large stimula- 
tion of protein kinase (Nakanishi et al. 1993). 

The protein kinase C molecule contains two 
domains: the amino-terminal regulatory domain 
interacts with calcium, phosphatidylserine, and di- 
acylglycerol, and, the carboxyl-terminal catalytic 
domain with ATP and protein substrate-binding 
sites. The bisindolylmaleimide GF 109203X is a 
competitive inhibitor of the ATP site (Toulec et al. 
1991). The regulatory domain, however, was acti- 
vated through the concerted action of diacylglyce- 
rol, calcium and phosphatidylserine. When cells are 
activated there is usually an increase in calcium, 
which may contribute to the activation of protein 
kinase C perhaps by increasing the binding affinity 
of the enzyme for diacylglycerol (Kojima et al. 
1985, Dougherty and Niedel 1986). In intact cells 
the enzyme can be activated either by adding a 
monoacyl-derivative of diacylglycerol such as 1- 
oleoyl-2-acetylglycerol or by means of phorbol es- 
ters (Nishizuka 1984, 1986, Ashendel 1985). PMA 
showed a positive action that initially activated 
PKC, then a negative action that initiated the degra- 
dation of the enzyme during sustained activation 
(Nishizuka 1988). 

Ischaemic preconditioning of the rabbit heart 
caused selective translocation of the e and q iso- 
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forms without demonstrable changes in total myo- 
cardial protein kinase C activity, implying that 
measurements of total protein kinase C activity are 
not sufficiently sensitive to detect the involvement 
of protein kinase C in preconditioning (Ping et al. 
1997). 

The expression of protein kinase C 5 gene in the 
murine peritoneal macrophages was inhibited by 
nitric oxide (Jun et al. 1994). 

The involvement of protein kinase C in the en- 
hancement of malignant cell transformation induced 
by 2,3,7,8-tetrachlorodibenzo-p-dioxin was studied 
by Wolfle and Marquardt (1996). The protein ki- 
nase inhibitor H-7 markedly reduced the in vitro 
promoting activity of 12-0-tetradecanoylphorbol- 
13-acetate but did not affect the promotion by 
2,3,7,8-tetrachlorodibenzo-p-dioxin. In accord with 
these results, 12-0-tetradecanoylphorbol-13-acetate, 
but not 2,3,7,8-tetrachlorodibenzo-p-dioxin, en- 
hanced the protein kinase C activity in C3H/M2 fi- 
broblasts. Since 12-0-tetradecanoylphorbol-13-ace- 
tate-mediated activation of protein kinase C was not 
affected by ascorbic acid plus a-tocopherol, that the 
antioxidants interfere with tumour promotion at a 
step beyond protein kinase C activation. 

Protein Kinase C Activators 
Phorbol Esters 

The tumour-promoting phorbol esters, of which 12- 
O-tetradecanoylphorbol- 13-acetate is the most po- 
tent, are non-physiological activators of protein ki- 
nase C. The same holds for Aplysiatoxin and Tele- 
ocidin. 



CH 3 (CH 2 ) 12 COO 




1 2-O-Tetradecanoylphorbol-l 3-acetate [49] 

Phorbol ester-induced ornithine decarboxylase (EC 
4.1.1.17) activity associated with tumour promo- 
tion (O’Brien 1976) was inhibited by deguelin, 
tephrosin, (-)-13a-hydroxytephrosin, and (-)-13a- 
hydroxydeguelin, four rotenoids obtained from the 
African legume Mundulea sericea (Gerhauser et 
al. 1995). 17 nmole of retinoic acid, when applied 
1 h before treatment of mouse skin with 5 nmole of 



12- O-tetradecanoylphorbol- 13-acetate, inhibited by 
about 90% the induction of ornithine decarboxyl- 
ase activity (Verma 1982). 

Treatment of human HL-60 cells with 12-O- 
tetradecanoylphorbol- 13-acetate appeared to in- 
duce the iron regulatory protein- 1 activity up to the 
threefold (Eisenstein et al. 1993). 

After 12-0-tetradecanoylphorbol-13-acetate treat- 
ment, a highly metastatic variant of a human colo- 
rectal carcinoma cell line was three times more 
invasive in Matrigel than the parental cell line 
(Komada et al. 1993). 

Boles etal. (2000) demonstrated that 12-O- 
tetradecanoylphorbol- 13-acetate enhanced the ad- 
herence of U-937 cells to fibronectin matrices by in- 
creasing the expression of both the a 5 - and |3 r 
subunit mRNAs and the surface expression of the 
protein. Modulation of a 5 (3! expression may be im- 
portant for regulation of monocytic cell function in 
lung inflammation after injury. 

As to the multivesicular bodies of U-937 GTB 
cells, incubation with 12-O-tetradecanoylphorbol- 

13- acetate (10' 7 M) caused pronounced changes 
(Forsbeck et al. 1988, Nilsson et al. 1989). 15 min 
after stimulation, the relative section area of the 
multivesicular bodies (23.5 ± 1.4 versus 12.5+ 1.1 in 
the controls) as well as the number of inclusion ves- 
icles in multivesicular bodies per cell profile 
(29.8 ±2.0 versus 7.0 ±0.6 in the controls) were sig- 
nificantly (P <0.001) increased. After 60 min the 
multivesicular bodies appeared to be completely 
filled with inclusion vesicles. 

|3-(1^4)-Galactosyltransferase I (EC 2.4.1.38) 
activity was higher (>x2) in 12-O-tetradecanoyl- 
phorbol-13-acetate-treated compared with un- 
treated HL-60 leukaemia cells (Pasqualetto et al. 
2000 ). 

The rate of superoxide generation of guinea pig 
intraperitoneal neutrophils by 12-O-tetradecanoyl- 
phorbol-13-acetate was increased by 2-bromo-2- 
chloro-l,l,l-trifluoroethane (halothane) (Tsuchiya 
et al. 1988). This increase was inhibited by l-(5- 
isoquinolinesulphonyl)methylpiperazine dihydro- 
chloride, a specific inhibitor of Ca 2+ - and phospho- 
lipid-dependent protein kinase C. Halothane was 
found to activate partially purified protein kinase C 
significantly. 

Iron deprivation induced by desferrioxamine 
blocked 12-O-tetradecanoylphorbol- 13-acetate- 

induced differentiation and induced S-phase arrest 
and apoptosis in up to 60 % of HL-60 cells (Gazitt 
et al. 2001). Iron is required for transcription of 
p21(WAFl/CIPl) in cells induced by 12-O- 
tetradecanoylphorbol- 1 3-acetate. 

The binding of [20- 3 H]phorbol 12,13-dibutyrate 
to peritoneal macrophages was similar in both nor- 
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mal and BCG-infected mice irrespective of their 
ability to produce H 2 0 2 in response to phorbol dies- 
ters (Weinberg and Misukonis 1983). Phorbol 
12,13-dibutyrate (30 nm) stimulated cytotoxic ac- 
tivity of human blood lymphocytes against K562 
and Daudi target cells (Ramos et al. 1983). 

In isolated porcine leucocytes, 12-0- 
tetradecanoylphorbol- 13-acetate produced a con- 
centration-related luminol-enhanced chemilumi- 
nescence, that was markedly ( P < 0.05) suppressed 
when the nitric oxide donor, pirsidomine was given 
intravenously 10 min before (Wainwright and 
Martorana 1993). 

The interaction of ‘NO and 0 2 '“ generated from 
12-0-tetradecanoylphorbol- 13-acetate-stimulated 
polymorphonuclear leucocytes was studies by a ni- 
troxide spin trap, DMPO (formula [8]). Zhao et al. 
(1996) found that addition of L-arginine to the sys- 
tem would significantly decrease the trapped 0 2 ‘“ 
by DMPO and addition of A^-monomethyl-L- 
arginine would significantly increase the trapped 
0 2 ‘" by DMPO. It was proven that the formation of 
ONOO“ by the reaction of "NO and 0 2 ‘“ was the 
main reason for the decrease of the trapped 0 2 ‘" in 
the experiment with xanthine/xanthine oxidase and 
irradiation of riboflavin systems. The generation 
dynamic of ‘NO was studied by a luminol- 
dependent chemiluminescence technique and it was 
found that after stimulation of polymorphonuclear 
leucocytes with 12-0-tetradecanoylphorbol-13- 
acetate, there would by an immediate, significant 
chemiluminescence, which came mainly from the 
reactive oxygen species generated by polymorpho- 
nuclear leucocytes. If L-arginine was added to this 
system, the chemiluminescence would increase 
about 100-fold, but W'-monomethyl- L-arginine in- 
hibited the increase of the chemiluminescence. 
10 min after addition of L-arginine, this increase 
did not change, the chemiluminescence peak de- 
creased gradually, but the half life increased. 

In anaesthetised new-born pigs (1 to 5 days old) 
of either sex, injury of moderate severity (1.9 to 
2.1 atm) induced by the lateral fluid percussion 
brain injury technique phorbol 12,13-dibutyrate 
(1 umol/1) increased superoxide dismutase- 
inhibitable nitroblue tetrazolium reduction from 
1±1 to 37 ±5 pmol/mm 2 (Armstead 1999). 

Time (5 min-24 h)-dependent variations in pro- 
tein kinase C activity after 10' 7 M 12-O-tetrade- 
canoylphorbol- 13-acetate stimulation differed sig- 
nificantly between 6-day-old rats and adult rats; 
protein kinase C activity decreased in adult alveolar 
macrophages (50 %) but remained stable in 6-day- 
old alveolar macrophages (Delacourt et al. 1997). 
Leupeptin, used as a calpain inhibitor, inhibited the 
decrease in protein kinase C activity after exposure 



of adult alveolar macrophages to 12-O-tetradeca- 
noylphorbol-13-acetate and induced a greater than 
threefold increase in 12-O-tetradecanoylphorbol- 
13-acetate-induced gelatinase secretion. 

12-O-Tetradecanoylphorbol- 13-acetate enhanced 
L-isoproterenol and prostaglandin E, stimulated cy- 
clic AMP formation in clones of mouse myeloid leu- 
kaemia cells (Simantov and Sachs 1982). 

12-O-Tetradecanoylphorbol- 13-acetate-induced 
cyclic mononucleotide phosphodiesterase activa- 
tion in human blood mononuclear cells was totally 
abolished by ethanol, which strongly reduced phos- 
phatidic acid accumulation in response to the phor- 
bol ester (Zakaroff-Girard et al. 1999). 

12-O-Tetradecanoylphorbol- 13-acetate-primed 
THP-1 cells (a human monocyte cell line), which 
express a scavenger receptor, were stimulated by 
mucins through the macrophage scavenger recep- 
tor, resulting in enhanced secretion of IL-1(3 (Inoue 
et al. 1999). The activity was abolished by treatment 
of the mucins with sialidase, indicating that sialic 
acid is involved in the binding. 

12-Deoxyphorbol-13-O-phenylacetate-20-acetate 
is not protein kinase C-|3 isozyme-selective in vivo 
(Kiley et al. 1994). Prolonged treatment (>6h) of 
cultures in down-modulation studies is complicated 
by the metabolism of 12-deoxyphorbol-13-0- 
phenylacetate-20-acetate to 12-deoxyphorbol-13- 
phenylacetate, a compound which activates all pro- 
tein kinase C isozymes tested in vitro (Ryves et al. 
1991). 

Expression of tissue thromboplastin and uro- 
kinase-type plasminogen activator (EC 3.4.21.73) 
receptor were stimulated in monocyte-like U-937 
cells treated with 5 ng 12-O-tetradecanoylphorbol- 
13-acetate per ml (Haase et al. 1993). 

The expression of many immediate-early genes, 
such as c-fos and c-jun, can be induced by 12-O- 
tetradecanoylphorbol- 13-acetate. 12-O-Tetradecan- 
oylphorbol-13-acetate increased c-fos mRNA, cellu- 
lar cyclic AMP, and protein kinase A activity in the 
first 30 min with similar inductive time courses 
(Huang et al. 1999). Treatment of NIH 3T3 cells 
with N-[2-(p-bromocinnamylamino)ethyl] -5-iso- 
quinoline sulphonamide (H-89), a protein kinase A 
specific inhibitor, suppressed 12-O-tetradecanoyl- 
phorbol-13-acetate induction of protein kinase A 
activity and c-fos mRNA in a concentration- 
dependent manner, but did not inhibit serum- 
induced transcription. H-89 did not inhibit 12-O- 
tetradecanoylphorbol- 13-acetate and serum induc- 
tion of c-jun mRNA. H-89 interfered with 12-O- 
tetradecanoylphorbol - 1 3-acetate-stimulated serum- 
responsive element-binding activity in a concen- 
tration-dependent manner, but did not inhibit 12- 
O-tetradecanoylphorbol- 1 3-acetate-induced 
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mitogen-activated protein kinase 1/2 activity or 
Elk-1 phosphorylation. 12-O-Tetradecanoylphorbol- 
13-acetate stimulation of a c-fos promoter reporter 
construct was inhibited by overexpression of the 
dominant negative regulatory protein of protein ki- 
nase A. In deletion studies, the H-89 inhibitory ele- 
ment was found to be localised between -563 and 
-379 in the c-fos promoter region. 

Both troglitazone and 15-deoxy-A 12,14 -prosta- 
glandin J 2 seemed to inhibit phorbol ester-induced 
TNF-a release from the human monocytic cell line 
THP-1 (Naitoh et al. 2000). On the other hand, nei- 
ther pioglitazone nor rosiglitazone inhibited phor- 
bol ester-induced TNF-a release. Because the cyto- 
toxicity of troglitazone and 15-deoxy-(3 12,14 -prosta- 
glandin J 2 was significantly stronger than that of pi- 
oglitazone and rosiglitazone, the inhibition of TNF- 
a release seemed to parallel the lack of cell viability. 

Since neoplastic transformation is closely related 
to cytoskeletal changes, Panagopoulou et al. 
(2002) developed a culture system of purified popu- 
lations of Sertoli cells from 20-d-old rats. After the 
addition of 10“ 7 M 12-0-tetradecanoylphorbol-13- 
acetate Sertoli cells began to round up and their cy- 
toplasm retracted towards a central region. Actin 
bundle organisation was disrupted and vinculin as- 
sumed a punctuate distribution throughout the cell. 

Bryostatins 

Bryostatins are macrocyclic lactones which were 
isolated from the marine bryozoan Bugula neritina 
(Pettit et al. 1970). 




Bryostatins: Bryostatin 1 : R = OAc; Bryostatin 2: R = H [50] 



0 2 *~ formation in human neutrophils (Berkow and 
Kraft 1985, Kraft et al. 1986, Wender et al. 

1988) . Bryostatin 1 increased the susceptibility of 
U-937 cells to taxol-induced apoptosis and inhibi- 
tion of clonogenicity (Wang et al. 1998). Bryostatin 
induced multiubiquitinylation of protein kinase C- 
a in vitro and in renal epithelial cells (Fee et al. 
1996). In vitro multiubiquitinylation required ATP 
(or ATP8S), membranes containing the 76-kDa, 
nonphosphorylated form of protein kinase C, and a 
cytsol fraction (Fee et al. 1996). In primary cultures 
of human dermal fibroblasts bryostatin 1 and phor- 
bol myristate acetate down-modulated protein 
kinase C-a and -e via the ubiquitin/proteasome 
pathway (Fee et al. 1997). 

Bryostatins stimulated phagocytosis of human 
granulocytes in vitro up to 233 ±21 % in a concen- 
tration range from 1 mM to 10 nM (Eisemann et al. 
1995). This high phagocytic potential could also be 
confirmed for bryostatin 1 in the in vivo carbon 
clearance model (cone, of 100 pg/kg NMRI mouse 
injected intravenously, 350+19%). In the luminol- 
amplified chemiluminescence test human granulo- 
cytes were stimulated by bryostatins 1, 2 and 5 be- 
tween 1 pg and 10 ng to produce 0 2 radicals. The 
maximal 0 2 burst was measured after 8 min at a 
concentration of 1 pM. At 10 pM revealed a reduced 
burst capacity obviously due to the cytotoxic effect 
of the bryostatins (37 ±9 %) at this concentration as 
estimated by trypan blue staining. 

In NHI 3T3 fibroblasts bryostatin 1 showed simi- 
lar potency to 12-0-tetradecanoylphorbol-13-ace- 
tate for translocating PKCa to the cell membrane 
but was a much more potent downregulator of 
PKCa activity than 12-0-tetradecanoylphorbol-13- 
acetate. It was also a much more potent translocator 
and downregulator of PKCS and PKCe than 12-0- 
tetradecanoylphorbol- 13-acetate (Szallasi et al. 
1994). The compound inhibited the proliferation of 
human A549 lung carcinoma (Dale and Gescher 

1989) , human MCF-7 breast cancer (Kennedy et al. 
1992), murine renal adenocarcinoma, B16 mela- 
noma, M5076 reticulum cell sarcoma, F10A B-cell 
lymphoma and exhibited antitumour activity in the 
murine P388 leukaemia screening system (Hor- 
nung et al. 1992). 

Bryostatin 1 activated T cells that have antitu- 
mour activity (Tuttle et al. 1992). 



Bryostatins, unlike 12-0-tetradecanoylphorbol-13- 

acetate do not include monocytic differentiation of Gnidimacrin 

HF-60 cells (Kraft et al. 1986). They bind to the 

phorbol esterbinding sites in human neutrophils Gnidimacrin, a diaphnane-type diterpene isolated 
and HF-60 cells, activate purified protein kinase C, from Stellera chamaejasme L. is another protein ki- 
induce protein phosphorylation patterns similar to nase C activator, which induces downmodulation of 
12-O-tetradecanoylphorbol- 13-acetate, and induce the enzyme following long term exposure. The 
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compound exhibits antitumour activity in vivo 
(Yoshida et al. 1996). 

Protein Kinase C Inhibitors 

Protein kinase C inhibitors specific for either the 
regulatory domain of the enzyme, such as calphos- 
tin (Kobayashi et al. 1989), or its catalytic domain, 
such as staurosporine (Tamaoki et al. 1986) and 
CGP 41 251 (Meyer et al. 1989) provided an oppor- 
tunity to determine more precisely the implication 
of protein kinase C in macrophage activation. In the 
murine macrophage cell line RAW 264.7 extensively 
used for the study of LPS stimulation (Virca et al. 
1989), particularly at the level of TNF-a (Jue et al. 
1991) and 'NO (Marletta et al. 1988) biosynthe- 
ses, the LPS-triggered IL-6 secretion was strongly 
enhanced by the inhibitor (Tremblay et al. 1995). 
TNF-a synthesis and ‘NO production, however, 
were strongly inhibited, indicating that their up- 
regulation involves protein kinase C. 

Certain chemopreventive and growth-inhibiting 
agents such as selenite (Gopalakrishna et al. 
1997), or polyphenolics such as curcumin (Chen et 
al. 1996), 4-hydroxy-tamoxyfen (Gundimeda et al. 
1995), or ellagic acid can inactivate protein kinase C 
by oxidising the vicinal thiols present within the 
catalytic domain. 




Go-6976, a Ca 2+ -dependent protein kinase isozyme 
inhibitor, reduced responses to angiotensin II; how- 
ever, it did not alter responses to serotonin, norepi- 
nephrine, or U-46619, whereas Go-6976 enhanced 
BAY K 8644 responses (De Witt et al. 2001). Rottle- 
rin, a protein kinase C-6 isozyme/calmodulin- 
dependent kinase III inhibitor, reduced responses 
to angiotensin II and norepinephrine, did not alter 
responses to serotonin or U-46619, and enhanced 
responses to BAY K 8644. Immunohistochemistry 
of feline pulmonary arterial smooth muscle cells 
demonstrated localisation of protein kinase C-a 
and -6 isozymes in response to 12-O-tetradecano- 
phorbol- 13-acetate and angiotensin II. Localisation 
of protein kinase C-a and -6 isozymes decreased 
with administration of Go-6976 and rottlerin, 
respectively. 



Calphostin 

Calphostin A is a lipophilic, light-sensitive peryle- 
nequinone that generates singlet oxygen when illu- 
minated (Wang et al. 1993). It inhibited the activity 
of protein kinase C (IC 50 = 250 nM), but only in the 
presence of light. 

Staurosporine 

Staurosporine, a microbial alkaloid from Strepto- 
myces (Omura et al. 1977), is a potent inhibitor of 
phospholipid Ca 2+ -dependent protein kinase A (IC 50 
= 7.0 nM), protein kinase C (IC 50 = 0.7 nM) and 
protein kinase G (IC 50 = 8.5 nM). Platelet aggrega- 
tion induced by collagen or adenosine diphosphate 
is also inhibited. Pre-treatment of tracheal smooth 
muscle cells with staurosporine (10“ 8 M) signifi- 
cantly attenuated sensitisation- and specific antigen 
challenge-induced changes in membrane potential 
and isomeric force (Souhrada and Souhrada 
1993). 

In anaesthetised new-born pigs injury of moder- 
ate severity (1.9 to 2.1 atm) induced by the lateral 
fluid percussion brain injury technique staurospo- 
rine (10 -7 M/1) blocked the nitroblue tetrazolium re- 
duction after phorbol 12,13-dibutyrate and blunted 
the nitroblue tetrazolium reduction observed after 
lateral fluid percussion brain injury ( 1 ± 1 to 15±2 
versus 1 ± 1 to 5+1 pmol/mm 2 after lateral fluid 
percussion brain injury in the absence versus pres- 
ence of staurosporine) (Armstead 1999). 

The derivative CGP 41 251 had reduced protein 
kinase C activity with an IC 50 of 50 nM bur showed 
a high degree of selectivity when assayed for inhibi- 
tion of cAMP-dependent protein kinase (IC 50 
2.4 pM), S6 kinase (IC 50 5.0 pM) and tyrosine ki- 
nase specific activity of epidermal growth factor re- 
ceptor (IC 50 3.0 pM) (Meyer et al. 1989). Staurospo- 
rine and CGP 41 251 exerted growth inhibition in 
the human bladder carcinoma line T-24, human 
promyelocytic leukaemia lone HL-60 and bovine 
corneal endothelial cells at concentrations which 
correlated well with in vitro protein kinase C inhi- 
bition. In addition, both inhibited the release of 
H 2 0 2 from human monocytes pre-treated with 12- 
O-tetradecanoylphorbol- 13-acetate at non-toxic 
concentrations. 

Melatonin 

A melatonin mechanism of action may be through 
modulation of Ca 2+ -activated calmodulin. Melato- 
nin binds to calmodulin with a high affinity 
(Beni'tez-King et al. 1993), and has been shown to 
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act as a calmodulin antagonist. Among the 
calmodulin-dependent enzymes, Ca 2+ /calmodulin- 
dependent protein kinase II is a particularly abun- 
dant enzyme in the nervous system (Erondu and 
Kennedy 1985). In vitro inhibition of Ca 2+ / 
calmodulin-dependent protein kinase II by 10' 9 M 
melatonin was nearly of 30 % (Benitez-King et al. 
1996). 10“ 5 M Melatonin abolishes autophosphory- 
lation. The effect of melatonin on Ca 2+ -activated 
calmodulin- dependent protein kinase II activity 
was specific, since neither serotonin, N-acetylsero- 
tonin, or 6-hydroxymelatonin inhibited its activity. 

6. 1.3. 1.3 

Guanine Nucleotide Binding Proteins 

G-Proteins consist of a-, (3-, and y-subunits (Dohl- 
man et al. 1987, Neer and Clapham 1988, Casey 
et al. 1988, Freissmuth et al. 1989). The a-subunit 
contains a guanine nucleotide-binding site and in 
the nonactivated state GDP is bound in the site. In- 
teraction between the G-protein heterodimer and 
the receptor increases the affinity of the receptor for 
an agonist. When the receptor is activated by an ag- 
onist, a conformational change occurs in the G- 
protein which facilitates the exchange of GTP for 
GDP in the guanine nucleotide binding site. On 
binding GTP, the activated G-protein dissociates, 
releasing the (3- and y-subunits. 

6.1. 3.2 
Inhibition 

6. 1.3. 2.1 

cAMP Increasing Agents 

Pentoxifylline reduced the superoxide anion pro- 
duction of human polymorphonuclears and mono- 
cytes during phagocytosis of latex particles, proba- 
bly due to the increased intracellular levels of cyclic 
AMP induced by the drug (Bessler et al. 1986). In 
N-formyl-methionyl-leucyl-phenylalanine (10“ 7 M)- 
stimulated human polymorphonuclear leucocytes 
pentoxifylline (10“ 6 -10' 2 M) and adenosine 
(5 x 10“ 8 - 1 x 10“ 3 M) dose-dependently inhibited su- 
peroxide anion production (Thiel et al. 1991). The 
adenosine receptor antagonist, 8-phenyltheophylline 
only diminished the inhibition mediated by adeno- 
sine, but totally failed to affect pentoxifylline. Inhi- 
bition by both agents was antagonised by the cyclic 
AMP antagonist Rp-cAMPS (250 pM; Thiel et al. 
1992). Pentoxifylline potentiated adenosine both in 
inhibiting superoxide anion production and in rais- 
ing intracellular cyclic AMP. 




6.1. 3.2.2 

P-Adrenergic Agonists 

Fentolol dose-dependently suppressed of the pro- 
duction of oxygen radicals by zymosan-stimulated 
human polymorphonuclear leucocytes and macro- 
phages as studied in vitro by means of luminol en- 
hanced chemiluminescence (Schopf and Lemmel 
1983), the ID 50 being approximately 10' 6 M both for 
polymorphonuclear leucocytes and macrophages. 
When incubated together with the (3-adrenergic an- 
tagonist propranolol at 10“ 6 and 10“ 7 M the suppres- 
sive effect of fentolol could be reversed in dose- 
dependency. 

In purified rat cardiac membranes the affinities 
of both |3- and a-adrenergic receptors for [ 3 H]di- 
hydroalprenolol and [ 3 H]prazosin, respectively, 
were depressed by reactive oxygen species as gener- 
ated in the xanthine-xanthine oxidase system (Ka- 
neko et al. 1991). The situation with respect to 
number of binding sites, however, was complex in 
nature. Treatment of cardiac membranes for 
10-30 min with xanthine plus xanthine oxidase in- 
creased the number of the |3-receptor antagonist, 
[ 3 H]dihydroalprenolol, binding sites, whereas no ef- 
fect was seen at 60 min. On the other hand, a signif- 
icant depression in a-receptor antagonist, [ 3 H]pra- 
zosin, was seen only 60 min after the treatment of 
membranes with xanthine plus xanthine oxidase. 
High concentration of H 2 0 2 produced no effect on 
the number of adrenergic receptor binding sites, 
whereas 0.1 mM H 2 0 2 plus 0.2 mM FeS0 4 signifi- 
cantly increased the number of |3-adrenergic recep- 
tor sites for [ 3 H]dihydroalprenolol only. Because 
oxygen free radicals are known to increase mem- 
brane permeability (Levedev et al. 1982, Mak et al. 
1986), it is possible that the observed increase in the 
number of [ 3 H]dihydroalprenolol binding sites may 
be due to the lipophilic nature of this ligand. This 
view is substantiated by the fact that no effect of ox- 
ygen free radical system was observed on the B max 
values when a hydrophilic ligand, [ 3 H]CGP-12177, 
was employed for monitoring the state of (3- 
adrenergic receptor activity (Staehelin et al. 
1983). 
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6.1.3.2.3 

Phosphodiesterase Inhibitors 

Phosphodiesterase inhibitors potentiated the inhib- 
itory effects of (3-adrenergic agonists on superoxide 
formation and their stimulatory effects on intracel- 
lular cyclic AMP (Lad et al. 1985). 

The predominant phosphodiesterase isozyme 
class in inflammatory cells is composed of the en- 
zymes that belong to the phosphodiesterase IV 
family (Torphy and Undem 1991). This group of 
enzymes has a marked preference for cyclic AMP 
(K m = 3-10 pM) as a substrate and demonstrates 
little if any catalytic activity against cyclic GMP. 
Furthermore, this enzymes are selectively inhibited 
by compounds such as rolipram and Ro 20-1724 
(Torphy and Undem 1991, Giembycz 1992). 

Ro 20-1724 and unspecific inhibitors of phos- 
phodiesterases, e.g., the methylxanthines 3-iso- 
butyl- 1 -methylxanthine, theophylline, and pentoxi- 
phylline inhibited the respiratory burst (Lad et al. 
1985, Bessler et al. 1986, Burde et al. 1989). In 
contrast, rolipram increased cyclic AMP in human 
neutrophils without significantly inhibiting super- 
oxide formation (Elliott and Leonard 1989). The 
suppression of superoxide production in guinea pig 
eosinophils is correlated with inhibition of phos- 
phodiesterase IV catalytic activity (Barnette et al. 
1995). Methylxanthines above 100 pM inhibits 
phosphodiesterases and inhibit the respiratory 
burst presumably via an increase in cyclic AMP 
(Schmeichel and Thomas 1987, Yukawa et al. 
1989). In contrast, methylxanthines below 100 pM 
act as competitive antagonists at A 2 receptors and 
potentiate fMet-Leu-Phe -induced superoxide anion 
formation in human neutrophils and eosinophils 
(Schmeichel and Thomas 1987, Yukawa et al. 
1989). Adenosine desaminase mimics the stimula- 
tory effects of methylxanthines, and adenosine 
counteracts the stimulatory effects of these agents, 
suggesting that endogenous adenosine plays an in- 
hibitory role in the regulation of NADPH oxidase 
(Schmeichel and Thomas 1987). The cell- 
permeant analogue of cyclic AMP, dibutyryl cAMP, 
inhibits chemotactic peptide-induced 0 2 *~ forma- 
tion. (Kitagawa and Takaku 1982, Lad et al. 1985, 
Bessler et al. 1986, Kramer et al. 1988, Burde et 
al. 1989). 

Zardaverine, a selective inhibitor of cAMP- 
specific phosphodiesterase isoenzymes III and IV, 
inhibited superoxide release from zymosan- 
stimulated human polymorphonuclear leucocytes 
at an IC 50 of 4x 10' 6 M (Beume et al. 1989). 

Selective cyclic GMP phosphodiesterase inhibi- 
tors (M&B 22948 and MY 5445) potentiate inhibi- 
tion of platelet adhesion by nitric oxide (Moncada 



et al. 1988). The phosphodiesterase V inhibitor zap- 
rinast decreased pulmonary arterial pressure in 
foetal lambs (Skimming et al. 1996). Recent evi- 
dence suggests that the levels of phosphodiester- 
ase V as well as other phosphodiesterase isoforms 
are increased in pulmonary arteries of hypertensive 
rats (Mac Lean et al. 1998, Hanson et al. 1998). 
This is consistent with the use of phosphodiester- 
ase V inhibitors as vasodilators (Cohen et al. 1996). 

6.1. 3.2.4 
Retinoic Acid 

The intracisternal injection of either all- fra ns- 
retinoic acid or [a]-difluoro-methylornithine into 
the brain of 9-day-old ICR mice blocked (>90%) 
phorbol ester-induced ornithine decarboxylase (EC 
4.1.1.17) activity in a concentration-dependent 
manner (Cope 1986). This inhibition was not evi- 
dent with the use of the biologically impotent furyl 
analogue of retinoic acid. In a similar manner, re- 
tinoic acid reduced the soluble protein kinase-C ac- 
tivity by 60 % as well as total [ethylenebis(oxonit- 
rilo)]tetraacetic acid (EGTA) -sensitive kinase activ- 
ity (66%) associated with the plasma membrane. 
Sixty-six percent of the retinoic acid-induced loss of 
protein kinase-C activity in the soluble fraction 
could be accounted for by the translocation of pro- 
tein kinase-C to the plasma membrane as measured 
by the specific binding of 12-0-[ 3 H]tetradecanoyl- 
phorbol- 1 3-acetate. [ a] -Difluoro-methylornithine 
and furyl-retinoic acid were not effective in altering 
protein kinase-C activity or 12-O-tetradecanoyl- 
phorbol-13-acetate binding to protein kinase-C. In 
the presence of retinoic acid, however, there was a 
2.3-fold increase in specific 12-0-[ 3 H]tetradecanoyl- 
phorbol-13-acetate binding in the plasma mem- 
brane fraction, which was 3.4-fold greater than that 
lost from the cytosol. 

Increase at 843 nm in 5 min at room temperature 
given by TCNQ (1.84xlO' 4 M) and test compound 
(2.3 x 10' 5 M) dissolved in acetonitrile as a polar or- 
ganic solvent. 

Retinoic acid behaves similarly to retinol in its 
reactions with the strong electron acceptor 7,7,8,8- 



Table 13. Production of 7,7,8,8-tetracyanoquinodimethane 
radical anion (TCNQ' - ) from TCNQ and vitamin A deriva- 
tives (from Lucy 1969) 



|3-Carotene 


0.48 


Retinoic acid 


0.06 


a-Carotene 


0.37 


|3-Ionylidene acetaldehyde 


0.06 


All-frans-retinol 


0.24 


9-cis Retinal 


0.06 


Retinyl methyl ether 


0.21 


(1-Ionylidene ethanol 


0.03 


Retinyl acetate 


0.10 


13-cis Retinal 


0.03 


3-Dehydroretinol 


0.09 


All- frcms retinal 


0.03 


Retinyl palmitate 


0.09 


5,6-Monoepoxiretinal 


-0.02 


13-cis Retinol 


0.08 
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tetracyanoquinodimethane (TCNQ), but it appears 
to be a weaker electron donor than retinol (Lichti 
and Lucy 1969). 

The effect of |3-carotene on human serum albu- 
min oxidation by 2,2’-azobis (2-amidinopropane) 
dihydrochloride under 15, 150, and 760 torr of 0 2 to 
form carbonyls was related to 0 2 tension, antioxi- 
dant concentrations and interaction between mix- 
tures of antioxidants (Zhang and Omaye 2000). 
High concentration of |3-carotene produced more 
protein oxidation in the presence of high 0 2 tension 
by a prooxidant mechanism. Mixtures of 13- 
carotene, a-tocopherol and ascorbic acid provided 
better protective effects on protein oxidation than 
any single compound. 

The staurosporine (200 nM) -induced apoptotic 
damage in chick embryonic neurones was reduced 
by 1 nM-10 pM retinoic acid in a concentration- 
dependent manner by depressing the production of 
reactive oxygen species (Ahlemeyer and 
Krieglstein 1998). 

6.1.3.2.5 

a-Tocopherol 

Inhibition by a-tocopherol of protein kinase C has 
been reviewed in Azzi et al. (1992, 1995, 1996) and 
Newton (1995). Such an inhibition is not caused by 
a direct binding of a-tocopherol to the enzyme but 
by preventing its activation via phosphorylation 
(Tasinato et al. 1995). a-Tocopherol exerts its ac- 
tion independently of its free-radical scavenging ca- 
pacity and most probably by interacting with a yet 
not characterised receptor molecule in smooth 
muscle cells (Boscoboinik et al. 1991, 1994, 1995). 
a-Tocopherol prevents uniquely protein kinase C-a 
phosphorylation and its functional activation. 

12-O-Tetradecanoylphorbol- 13-acetate-induced 
superoxide generation is a-tocopherol-sensitive at a 
concentration much lower than that for the inhibi- 
tion of 12-0-tetradecanoylphorbol-13-acetate-acti- 
vated phospholipid-dependent protein kinase (ID 50 
= 30 pM). The a-tocopherol-sensitive superoxide 
generation is also observed in neutrophils induced 
by dioctanoylglycerol and calcium ionophore 
A23187 but not by formyl-methionyl-leucyl-phenyl- 
alanine, opsonized zymosan, and sodium dodecyl- 
sulphate. The pattern of inhibition by a-tocopherol 
is quite similar to that of staurospirine, a specific 
inhibitor of protein kinase C. These results indicate 
that neutrophil content of a-tocopherol is an im- 
portant factor in superoxide generation (Kanno et 
al. 1996). 



6. 1.3. 3 

Influences of ATP, ADP, and Cyclic Nucleotides on 
the Formation of Reactive Oxygen Intermediates 

In paraffin-elicited guinea-pig peritoneal macro- 
phages, extracellular ATP induced superoxide gen- 
eration mediated by [Ca2+]j and by pertussis toxin 
sensitive G protein (Nakanishi et al. 1991). ATP, 
when added to human polymorphonuclear neutro- 
phils at concentrations similar to those attained ex- 
tracellularly at sites of platelet thrombus formation 
(0.1 to 20 pM), caused an enhancement of N- 
formyl(methionyl)leucylphenylalanine-stimulated 
superoxide anion generation, but was by itself an 
ineffective agonist for 0 2 "' generation (Kuhns et al. 
1988). ATP primed human neutrophils for en- 
hanced 0 2 ’~ generation at low concentrations 
(lxlO -6 to 3.2 x 10' 4 M) but inhibited 0 2 ‘“ genera- 
tion at high (>6.4 x 10' 4 M) concentration (Naum 
et al. 1991). ADP, when added to stimulatory con- 
centrations of ATP, also caused inhibition of 0 2 ’~ 
production. 

The data of Tan et al. (1995) suggest that 
oxygen-derived species mediating the enhancement 
of adenylate cyclase is either H 2 0 2 itself or the hy- 
droxyl radical. Incubation of A 10 cells with xan- 
thine oxidase and purine resulted in a qualitatively 
similar enhancement of adenylate cyclase activa- 
tion. The effect of purine and xanthine oxidase was 
not blocked by coincubation with superoxide dis- 
mutase (which catalyzes the conversion from super- 
oxide anion to H 2 0 2 ). This suggests that the genera- 
tion of the superoxide anion is not involved in the 
mechanism of enhancement of adenalate cyclase 
activation. 

6.1.4 

Radical Scavengers 
6.1. 4.1 

Ascorbic Acid 

Ascorbic acid is the major water-soluble antioxidant 
present in cells and plasma. It will quench reactive 
oxygen species as 0 2 ’ - (Nishikimi 1975), HO* 
(Bielski et al. 1975), and *0 2 (Bodannes and Chan 
1979). On the other hand, it reduces Fe 3+ to Fe 2+ and 
thus will stimulate Fenton catalysis of H 2 0 2 — > HO’. 
Hydroperoxide-dependent lipid peroxidation in rat 
liver microsomes was enhanced by ascorbic acid 
(Laudicina and Marnett 1990). Ascorbic acid pro- 
tected cardiac microsomes against lipid peroxidation 
and oxidative damage (Mukhopadhyay et al. 1993). 
It diminished both luminol- and lucigenin-amplified 
H 2 0 2 derived chemiluminescence in concentrations 
> 10' 5 (Klinger et al. 1996). 
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Ascorbic acid Ascorbyl Dehydroascorbic 

radical acid 

Ascorbyl radical formation [53] 

The ascorbyl free radical (formula [53]) as the first 
product of oxidation can be detected spectrophoto- 
metrically at 360 nm (Schuler 1977). The electron 
spin resonance spectrum of the ascorbyl radical in 
solution consists of a doublet first detected during 
ionising radiation studies (Rexroad and Gordy 
1959). The intermediate free radical behaves both 
as one-electron oxidant and as one-electron reduc- 
tant (Coassin et al. 1991). Although ascorbyl free 
radical is a relatively stable, non-hazardous biologi- 
cal free radical, ascorbate oxidation seems to con- 
tribute to the generation of other free radicals and 
reactive oxygen species, including hydroxyl and su- 
peroxide radicals and hydrogen peroxide (Miller 
and Aust 1989). 

Ascorbic acid forms a complex with disulphides 
such as oxidised glutathione (GSSG) and cystine 
(Fleming et al. 1983). Ascorbic acid is known to ac- 
cept one electron from thiyl free radicals (Forni et 
al. 1983) and to reduce phenoxyl radicals (Schuler 
1977). The effect of ascorbic acid on a series of re- 
dox systems, which included 6-hydroxydopamine 
resulted for the most part in the ascorbyl free radi- 
cal (Borg et al. 1978). 

Recycling of ascorbic acid from its oxidised 
forms is required to maintain intracellular stores of 
the vitamin in most cells. Since the ubiquitous sele- 
noenzyme thioredoxin reductase can recycle de- 
hydroascorbic acid to ascorbate, May et al. (1998) 
presented evidence that mammalian thioredoxin 
can catalyse a one-electron reduction of the ascor- 
byl free radical to ascorbate, using NADPH as the 
electron donor. 

Because of its dithiol/disulphide exchange activ- 
ity, thioredoxin determines the oxidation state of 
protein thiols. This small (~ 12 kDa) protein is evo- 
lutionary conserved between prokaryotes and eu- 
karyotes from yeast to plants and animals. A char- 
acteristic feature of most thioredoxins is the pres- 
ence of a conserved catalytic site Trp-Cys-Gly- 
Pro-Cys-Lys in a protrusion of the three- 
dimensional structure of the protein. The two cys- 
teine residues of the site can be reversibly oxidies to 
form a disulphide bridge and, thereafter, ne re- 



duced by action of the selenoenzyme thioredoxin 
reductase in the presence of NADPH {NADPH + H + 
+ thioredoxin-S 2 — » NADP + + thioredoxin-(SH) 2 ). 
Thioredoxin reductase activity is decreased by sele- 
nium deficiency (Hill et al. 1997). Thioredoxin, se- 
creted by normal and neoplastic cells using a lead- 
erless secretory pathway (Rubartelli et al. 1992), 
stimulates the proliferation of fibroblasts. 

In guinea pigs (albino, male 350-400 g) fed 
ascorbate-deficient diets for 20 days, oxidative dam- 
age is evidenced by lipid peroxidation (Ghosh et al. 
1997). It caused accumulation of conjugated dienes, 
malondialdehyde and fluorescent pigment in the 
microsomal membranes of different tissues. Conju- 
gated dienes in nmoles per mg protein increased 
above that of pair-fed controls (taking extinction 
coefficient at 234 nm = 25 mM' 1 ) by 74+ 10 (n = 4) 
in the liver, 54 ±6 in the kidney and 77 ±8 in the 
lung. The levels of MDA in pmoles per mg micro- 
somal protein were 320 ±36 (n = 4) in the liver; 
265 ±30 in the kidney: and 290 ±32 in the lung. 
Fluorescent pigment per mg microsomal protein 
was 5.6 ±0.5 in the kidney and 5.0 ±0.6 in the lung. 
Accumulations of MDA, conjugated dienes and 
fluorescent pigment were reversed after oral as- 
corbic acid therapy at a dose of 50 mg ascorbate per 
guinea pig per day for two days followed by 15 mg 
per guinea pig per day for the next 8 days. 

Flow cytometric analyses demonstrated that pre- 
treatment of Chinese hamster ovary cell line AS52 
with 50 qM ascorbic acid before exposure to the 
hypoxanthine-xanthine oxidase radical generating 
system enhanced cell cycle arrest at the G 2 /M DNA 
damage checkpoint when compared to cells treated 
with hypoxanthine-xanthine oxidase without pre- 
medication (Bijur et al. 1999). Ascorbic acid had 
no effect on cell cycle progression in the absence of 
oxidative stress. 

In sickle cell membranes, ascorbic acid proved to 
be an effective antioxidant (Rice-Evans et al. 
1986). It is possible that the mechanism of action of 
ascorbate may involve the scavenging of alkoxy or 
peroxy radicals by a chain-termination reaction 
(Halliwell and Gutteridge 1984) or the de- 
creased initiation of lipid peroxidation. 

L-Ascorbyl-6-palmitate is a fat-soluble synthetic 
ester of ascorbic acid. It has been used extensively 
as an antioxidant in foods, pharmaceuticals and 
cosmetics, particularly as a preservative for various 
edible oils and waxes The inhibition of polymerisa- 
tion of bovine serum albumin by HO" radicals gen- 
erated by the Fenton reaction indicated ascorbyl 
radical exerts a considerable protective effect 
against polymerisation by scavenging HO’ (Perri- 
cone et al. 1999). L-Ascorbyl-6-palmitate was 1 or- 
der of magnitude faster in scavenging these radicals 
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than 5,5-dimthyl-l-pyrroline-JV-oxide (DMPO; for- 
mula [8]). Oxidative modification by 60 Co-y irradia- 
tion of 80 krad resulted in a strong increase in pro- 
tein carbonyl content, which was very efficiently in- 
hibited by L-ascorbyl-6-palmitate. 

H 

+ HO' - 



5,5-Dimethyl-l -pyrroiine-1 -oxide-HO' adduct [8] 





lisation of the chromanoxyl radical by interaction of 
the unpaired electron with a lone pair of oxygen. 
Thus the degree of delocalization of the free radical 
is enhanced. 

The lipid peroxyl radical (LOO*) can be scav- 
enged by tocopherol (TOH) as follows: 

LOO' + TOH — »-LOOH + TO' [55] 



The initial phase is termed lag phase time (t inh ) or 
inhibition period. 



A series of 2-O-alkylascorbic acids combine hydro- 
philic and lipophilic properties in one molecule. 2-0- 
octadecylascorbic acid markedly inhibited lipid per- 
oxidation (IC 50 = 4.3 x 10' 6 M) and alleviated myocar- 
dial lesions induced by ischaemia-reperfusion at an 
oral dose of 1 mg/kg in rats (Kato et al. 1988). 

3-O-Alkylascorbic acids acted as free radical 
quenchers and, dependent upon their hydrophobic - 
ity, inhibited Fe 3+ -ADP-induced lipid peroxidation 
(Nihro et al. 1991). HX-0112 and HX-0113, which 
are stable lipophilic ascorbic acid derivatives, alle- 
viated myocardial lesions induced by ischaemia- 
reperfusion treatment in rats (Sasamori et al.). 

6.1. 4.2 
Tocopherols 

Vitamin E of natural origin consists of a group of 
compounds, namely a-, (3-, y-, e-, t, 2 -, and t]- 

tocopherol. Of these compounds RRR a-tocopherol 
has the highest vitamin potency in vivo (Witting 
1980). The a-tocopherol molecule is composed of a 
chroman head and a phytyl side chain. It is gener- 
ally believed that the phytyl chain intercalated with 
the fatty acid residues of phospholipids, while the 
chroman head - responsible for the antioxidant ef- 
fect - faces the cytosol, although the chroman ring 
is still located in the hydrophobic zone of the lipid 
bilayer (Erin et al. 1988). In the antioxidant activity 
of vitamin E, a radical (R‘) abstracts a hydrogen 
atom from the aromatic hydroxyl group of the chro- 
man head (ArOH) rather than from a polyunsatu- 
rated fatty acid, and a chromanoxyl radical is 
formed (ArO*). 

R' + ArOH — *- RH + ArO' [54] 

The chromanoxyl radical is fairly stable, due to de- 
localization of the unpaired electron. The oxygen in 
the heterocyclic chroman ring is fixed in such a po- 
sition that there is considerable overlap between the 
2p-type orbital of the lone electron pair of the oxy- 
gen and the aromatic jt-system (Burton and In- 
gold 1981, Burton et al. 1985). This permits stabi- 



d [LOOH] k p [LH]R| 

Vmh = ^ = n k . nh [toh] [56] 

t in h = length of lag phase = n [57] 

Rj 

The factor n is defined as the number of peroxyl 
radicals LOO" trapped by each molecule of antioxi- 
dants. For vitamin E the value is 2, since both vita- 
min E and vitamin E radical (tocopheryl radical) 
trap LOO*. The length of the lag phase is inversely 
proportional to the rate R h by which the initiating 
radicals are formed. 

a-Tocopheryl succinate epitomizes a compound 
with a shift in biological activity due to pro- 
vitamin-to-vitamin conversion (Neuzil 2002). The 
chargeable succinyl moiety as a functional domain 
is an absolute requirement for vitamin E analogues 
with phytyl side chain to be pro-apoptotic (Qian et 
al. 1997, Neuzil et al. 2001). This is supported by 
the findings that |3-tocopheryl succinate (Neuzil et 
al. 2001) and y-tocopheryl succinate (unpublished) 
lacking the protein kinase C inhibitory potential as 
well as the vitamin E-unrelated cholesteryl hemi- 
succinate (Fariss et al. 1994, Neuzil et al. 2001, 
2002) were capable of triggering apoptosis, albeit to 
a lower extent than a-tocopheryl succinate. 

Deprivation of vitamin E in B6C3 mice for 15 
weeks resulted in an approximately 5-fold increase 
of mitochondrial hydrogen peroxide production in 
skeletal muscle and a 1-fold increase in liver when 
compared with the vitamin E-supplemented (50 IU 
vitamin E/kg diet) group (Chow et al. 1999). 

In BL6 murine melanoma cell cultures supple- 
mented with 7 and 10 ug/ml a-tocopherol succi- 
nate, respectively, free radical levels were signifi- 
cantly increased (Ottino and Duncan 1997). The 
cyclooxygenase activity in BL6 cells supplemented 
with 1-10 qg/ml a-tocopherol succinate showed a 
similar trend to that observed for free radicals and 
lipid peroxidation experiments with a significant 
increase in enzyme activity occurring at 7 and 
10 ug/ml respectively. 

Palace et al. (1999) showed that cardiac dys- 
function following myocardial infarction is associ- 
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ated with a decrease in vitamin E levels in the myo- 
cardium. Commercial preparations of vitamin E, 
which are used in experimental and clinical studies, 
contain only a single isoform, a-tocopherol. How- 
ever, Ohrvall et al. (1996) suggested, that it is the y- 
tocopherol isoform, and not a-tocopherol, that is de- 
creased in patients with coronary artery disease, y- 
Tocopherol is more effective than a-tocopherol in in- 
hibiting lipid peroxidation and trapping mutagenic 
electrophiles (Christen et al. 1997, Wolf 1997). In 
a rat model of oxidant-induced thrombosis, a mixed- 
tocopherol preparation rich in y-tocopherol was 
shown to be superior to a-tocopherol in inhibiting 
thrombus formation (Saldeen et al. 1999). 6-Toco- 
pherol found in natural foods also offers antioxidant 
protection (Chopra and Bhagavan 1999). In vitro, 
mixed-tocopherol preparation was much superior to 
a-tocopherol in terms of rat cardiomyocyte protec- 
tion from the adverse effects of hypoxia-reoxygena- 
tion (Chen et al. 2002). 

Raxofelast (IRFI 016; (±)-5-(acetyloxy)-2,3- 

dihydro-4,6,7-trimethyl-2-benzofuranacetic acid) is 
a new hydrophilic vitamin E-like antioxidant 
(Campo et al. 1997). Its activity depends on bio- 
transformation to the deacetylated active metabo- 
lite IRFI 005, which has, therefore, been used in 
vitro in chemical, subcellular and cellular models. 

In a rat model of coronary artery occlusion for 
1 h followed by 6 h of reperfusion, raxofelast lim- 
ited myocardial necrosis and reduced lipid peroxi- 
dation (Campo et al. 1998). 

In streptozotocin-induced diabetic rats the vita- 
min E analogue, Trolox almost completely normal- 
ised the depressed glutathione peroxidase and su- 
peroxide dismutase activities as well as the GSH/ 
GSSG ratios in erythrocytes (Batko and Witma- 
nowski 1999). 

Glutathione peroxidase (EC 1 .1 1 .1 .9) 

2 GSH + H 2 0 2 — GSSG + 2 H 2 0 [58] 

The protein contains a selenocysteine residue. Ste- 
roid and lipid hydroperoxides, but not the product 
of reaction of EC 1.13.11.12 on phospholipids, can 
act as acceptor, but more slowly than H 2 0 2 (cf. EC 
1 . 11 . 1 . 12 ) 

Trolox (500 pg/kg i.p.) protected lung tissues of 
Swiss albino female mice from sulphur mustard 
(1 LC 50 = 42.3 mg/m 3 for 1 h duration) intoxication 
(Kumar et al. 2001). 

Epigallocatechin gallate suppressed the initiation 
rate and prolonged the lag phase duration of per- 
oxyl radical-induced oxidation in a phospholipid li- 
posome model to a greater extent ( P <0.01) com- 
pared to both Trolox and a-tocopherol (Hu and 
Kitts 2001). 



6. 1.4. 3 

Dihydrolipoate-Lipoate 

Lipoate synthase is an iron-sulphur protein with the 
cysteine motif CxxxCxxC characteristic of radical S- 
adenosyl-L-methionine enzymes (Sanyal et al. 
1994, Mejean et al. 1995). Lipoate synthase is im- 
plicated in the last step of lipoate biosynthesis by 
genetic evidence (Van der Boom et al. 1991, Reed 
and Cronan jr. 1993). Cells deficient in lipA cannot 
produce lipoate. Lipoate synthase contains [4Fe-S] 
centres when purified anaerobically (Ollagnier- 
De Choudens et al. 2000). 

O 

II 

(CH 2 ) 4 — c — nh 2 
a-Lipoamide [59] 

The dihydrolipoic acid/lipoic acid redox couple has 
been found to exert a synergistic action in the anti- 
oxidant recycling mechanisms of natural mem- 
branes and low-density lipoproteins in vitro and in 
the protection against oxidative injury in vivo 
(Packer 1991). 

Lipoamide exists in five proteins in eukaryotes, 
where it is covalently attached to a lysyl residue. 
Four of these proteins are found in the three a-keto 
acid dehydrogenase complexes, the pyruvate dehy- 
drogenase complex, the branched chain keto acid 
dehydrogenase complex, and the a-ketoglutarate 
dehydrogenase complex. 

Combined treatment with D,L-a-lipoic acid and 
meso-2,3-dimercaptosuccinic acid reversed the de- 
creases in the activities of renal y-glutamyl transfer- 
ase (EC 2. 3. 2. 2) and N-acetyl |3-D-glucosaminidase 
(EC 3.2.1.17) evident in rats after the administra- 
tion of lead citrate in drinking water for 5 weeks 
(Sivaprasad et al. 2002). 

Using the xanthine-xanthine oxidase system for 
producing superoxide radical anions Packer (1991) 
showed that dihydrolipoic acid, but not lipoic acid, 
quenched these radicals. 

a-Lipoic acid is a potent hydroxyl radical scav- 
enger. 1 mM completely eliminated the Fenton 
(2 mM H 2 0 2 + 0.2 mM FeS0 4 )-derived 5,5-dimethyl- 
pyrroline-N-oxide-HO' adduct signal (Suzuki et al. 

Table 14. Lipoic acid — » hepatocellular dehydrogenases (from 
Grzycki and Krolikowska-Prasal 1972) 

Lactate dehydrogenase EC 1.1.1.27 f 

Isocitrate dehydrogenase EC 1.1.1.42 j, 

6-Phosphogluconate dehydrogenase EC 1.1.1.44 

Glucose-6-phosphate dehydrogenase EC 1.1.1.49 J, 

Succinate dehydrogenase EC 1.3.99.1 j, 

Glutamate dehydrogenase EC 1.4. 1.3 f 
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6.1. 4.4 

1,2-Diselenolane-3-pentanoic Acid 



SH SH 




Lipoate 

Dihydrolipoic acid/lipoic acid redox couple [60] 

1991). Scott et al. (1994) using 2.8 mM H 2 0 2 , 
0.05 mM FeCl 3 , 0.1 mM EDTA, and 0.1 mM ascor- 
bate as a hydroxyl radical-generating system and 
deoxyribose degradation for the radical assay, also 
found a-lipoic acid to be a hydroxyl radical scaven- 
ger. Using the hydroxyl radical-producing com- 
pound, N,!sP -bis(2-hydroperoxy-2-methoxyethyl)- 
1,4,5,8-naphthalenetetracarboxylic diimide (NP- 
III), Matsugo et al. (1995) confirmed that a-lipoic 
acid is a hydroxyl radical scavenger and eliminated 
the possibility that the effect was simply due to 
metal chelation. 

The effect of dihydrolipoic acid on recycling of 
chromanoxyl radicals was strongly dependent on 
the presence or absence of other redox-cycling 
compounds (Packer 1991, Kagan et al. 1992). In 
the presence of dihydrolipoate, Trolox radicals were 
suppressed until both dihydrolipoate and endoge- 
nous levels of ascorbate in mouse skin homogenates 
were consumed (Guo and Packer 2000). Dihydro- 
lipoate regenerated greater amounts of ascorbate at 
a much faster rate than equivalent concentrations of 
GSH. 



l,2-Diselenolane-3-pentanoic acid, in which the 
sulphur atoms of a-lipoic acid are replaced with se- 
lenium, displayed markedly different antioxidant 
properties when compared to a-lipoic acid (Mat- 
sugo et al. 1997). l,2-Diselenolane-3-pentanoic 
acid was unable to inhibit protein oxidative modifi- 
cation of human low density lipoprotein and bovine 
serum albumin induced by copper ion or hydroxyl 
radical, whereas a-lipoic acid showed significant 
protection. However, l,2-diselenolane-3-pentanoic 
acid was able to inhibit the formation of lipid per- 
oxidation products in low density lipoprotein after 
oxidation by copper, while a-lipoic acid did not. 

6.1. 4.5 
Melatonin 

Melatonin, the chief secretory product of the pineal 
gland, is a direct free radical scavenger and indirect 
antioxidant (Reiter et al. 1998). In terms of scav- 
enging activity, melatonin has been shown to 
quench the hydroxyl radical, superoxide anion radi- 
cal, singlet oxygen, peroxyl radical, and the peroxy- 
nitrite anion. Additionally, the antioxidant actions 
of melatonin probably derive from its stimulatory 
effect of superoxide dismutase, glutathione peroxi- 
dase (EC 1.11.1.9), glutathione reductase (EC 
1.6. 4. 2), and glucose-6-phosphate dehydrogenase 
and its inhibitory action on nitric oxide synthase. 
By stabilising cell membranes, melatonin makes 
them more resistant oxidative attack. Due to its li- 
pophilicity (calculated log P = 0.88), melatonin can 
easily reach various biochemical targets in a num- 
ber of subcellular compartments (Reiter 1993, Re- 
iter et al. 1995). In contrast to other intracellular 
antioxidants such as ascorbic acid and tocopherol, 



Fig. 56. Melatonin (1 mM) 
decreases lucigenin- 
enhanced chemilumines- 
cence in the xanthine 
(0.42 mM)-xanthine oxidase 
(0.05 U/ml) system as meas- 
ured in a Berthold Biolu- 
mat® 9505 
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which act primarily in the cytosol and membranes, 
respectively, melatonin has shown ubiquitous anti- 
oxidant effects in membranes, cytosol, and nuclei 
(Reiter et al. 1995). 

The quantum- chemical descriptor AH ox (relative 
adiabatic oxidation potential) and the shape of the 
singly occupied molecular orbital indicate that the 
stabilisation of its radical cation partially explain 
the well-documented antioxidant efficacy of mela- 
tonin (Migliavacca et al. 1998). This stabilisation 
may result from electrostatic interactions and from 
hyperconjugative effects existing in a family of con- 
formers of the melatonin radical cation having the 
side chain almost perpendicular to the plain of the 
aromatic rings. Fowler et al. (2003) have reexa- 
mined claims that melatonin directly scavenges 
H 2 0 2 and shown them to be unfounded. 




Upon electron donation to the hydroxyl radical (HO') to 
form OH-, melatonin gives rise to the melatoninyl cation 
radical, which is able with the superoxide anion radical 
(0 2 '~) to A/-acetyl-/V-formyl-5-methoxykynuramine [61] 



The evidence that melatonin detoxifies singlet oxy- 
gen ('0 2 ) comes only from indirect evidence. Cag- 
noli et al. (1995) showed that the neurotoxic effects 
of '0 2 in vitro were counteracted by melatonin. To 
achieve this, new-born rat cerebellar granule cells 
were treated with rose bengal (formula [29]) and 
exposed to light, a procedure which generated 1 0 2 
(Agarwal et al. 1991). Both neuronal apoptosis 
and inhibition of kreatin kinase activity were pre- 
vented by the addition of melatonin. 

Treatment of rats with melatonin and vitamins E 
plus C significantly ( P < 0.05) reduced the chlor- 
pyrifos-ethyl-induced increase of thiobarbituric 
acid-reactive substance in erythrocytes, and over- 
came the inhibitory effect of chlorpyrifos-ethyl on 
superoxide dismutase (EC 1.15.1.1) and catalase 
(EC 1.11.1.6), but not on antioxidant defence poten- 
tial (Gultekin et al. 2001). Melatonin treatment 
significantly ( P <0.05) increased only glutathione 
peroxidase (EC 1.1. 1.9) activity, irrespective of the 
effect of chlorpyrifos-ethyl. 

Melatonin is an excellent substrate for myeloper- 
oxidase-I, but reacts slowly with myeloperoxidase- 
II (Allegra et al. 2001). Spectral and kinetic analy- 
sis revealed that both compound I and com- 
pound II oxidise melatonin via one-electron pro- 
cesses. The second-order rate constant measured 
for compound I reduction at pH 7 and pH 5 are 
(6.1 ±0.2) x 10 6 M' 1 s' 1 and (1.0±0.08) x 10 6 M' 1 s' 1 , 
respectively. The rates for the one-electron reduc- 
tion of compound II back to the ferric enzyme are 
(9.6 ± 0.3) x 10 2 M-‘ s' 1 and (1.0 ±0.08) x 10 3 M' 1 s' 1 , 
respectively. 

A comparative study on the reactivity of five in- 
dole derivatives (tryptamine, N-acetyltryptamine, 
tryptophan, melatonin, and serotonin), with the re- 
dox intermediates compound I (k 2 ) and com- 
pound II (k 3 ) of the plant enzyme horseradish per- 
oxidase and the two mammalian enzymes lactoper- 
oxidase and myeloperoxidase, was performed using 




Reaction pathway, in which one melatonin molecule scavenges two hydroxyl radicals. This pathway suggested by Tan et al. 
(1 998) differs significantly from classic free scavenging processes. [62] 
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the sequential-mixing stopped-flow technique 
(Jantschko et al. 2002). The calculated biomolecu- 
lar rate constants (k 2 , k 3 ) revealed substantial differ- 
ences regarding the oxidizability of the substrates 
by redox intermediates at pH 7.0 and 25 °C. With 
horseradish peroxidase it as shown that k 2 and k 3 
are mainly determined by the reduction potential 
(E 0> ) of the substrate with k 2 being 7-45 times 
higher than k 3 . Compound I of the mammalian per- 
oxidases was a much better oxidant than horserad- 
ish peroxidase compound I with the consequence 
that the influence of the indole structure on k 2 of 
lactoperoxidase and myeloperoxidase was smaller 
varying of a factor of only 88 and 38, respectively, 
which is in strong contrast to a factor of 160,000 de- 
termined for k 2 of horseradish peroxidase. The k 3 
values for all three enzymes were very similar. Oxi- 
dation of substrates by mammalian peroxidase 
compound II is strongly constrained by the nature 
of the substrate. The k 3 values for the five indoles 
varied by a factor of 3,570 (lactoperoxidase) and 
200,000 (myeloperoxidase), suggesting that the re- 
duction potential of compound II of mammalian 
peroxidase is less positive than that of compound I, 
which is in contrast to the plant enzyme. 

In addition to its direct role as a free radical scav- 
enger and antioxidant, melatonin stimulates the ac- 
tivity of antioxidant enzymes: glutathione peroxi- 
dase (Reiter 1995, Antoli'n et al. 1996, Blask et al. 
1997, Reiter et al. 1997), glutathione reductase 
(Reiter et al. 1997), gluatathione 5-transferase, an 
antioxidant enzyme that detoxifies xenobiotics (Ko- 
thari and Subrananian 1992), Mn-superoxide 
dismutase (Antoli'n et al. 1996), and Cu,Zn- 
superoxide dismutase (Antoli'n et al. 1996). Mela- 
tonin (1-10 pM) induced y-glutamylcysteine syn- 
thetase mediated by activator protein- 1 in ECV304 
human umbilical vascular endothelial cells in a 
dose-dependent manner (Urata et al. 1999). 

Changing the acyl residue generally resulted in 
more active products (Gozzo et al. 1999). The no- 
nanoyl derivative showed a level of activity compa- 
rable to that of phenols despite lacking a phenolic 
function. The presence of a methoxy group in posi- 
tion 5 generally had a beneficial influence on the 
activity, but when located in position 6, the effects 
were various. The substitution of a hydroxyl for the 
methoxy group led to phenolic compounds en- 
dowed with very high antioxidant activity. Replac- 
ing the amide with a ketone function did not affect 
the activity while replacement with an amine group 
in some cases resulted in prooxidant compounds. 
Comparing the activity the efficacy of aromatic 
rings, the indole heterocycle proved to be better 
than benzofurane and naphthalene rings. 



6.1. 4.6 

5,6-Dihydroxyindoles 

Increasing evidence supports the view that diffus- 
ible melanin-related metabolites may also act as 
modulators of the responses of the pigmentary cell 
melanocyte to external stimuli, especially to in- 
flammation. 5,6-Dihydroxyindole-2-carboxylic acid 
caused a powerful inhibition of the H 2 0 2 ~Fe(II)/ 
EDTA oxidation under both aerobic and anaerobic 
conditions, roving to be more efficient than typical 
hydroxyl radical scavengers even at low concentra- 
tion with respect to deoxyribose (Novellino et al. 
1999). Conversely, 5,6-dihydroxyindole in air was 
prooxidant at low indole: Fe(II) ratios, but shifted to 
an antioxidant at higher rations (>6). The magni- 
tude of the prooxidant effect increased by lowering 
the pH of the medium or by replacing Fe(II) with 
Fe(III), but was suppressed by exclusion of oxygen. 
Both the indoles retained their effects on the Fenton 
reaction in the absence of EDTA, as a result of their 
ability to chelate iron ions as evidenced by spectro- 
photometric experiments. Investigation of the reac- 
tion of 5,6-dihydroxyindole and 5,6-dihydroxyin- 
dole-2-carboxylic acid with the Fenton reagent led 
to the conclusion that the indoles interact efficiently 
with HO", yielding indolesemiquinone species 
which are then converted to melanin pigments by 
self-coupling or disproportionation. At low 5,6- 
dihydroxyindole :iron molar ratios, the ability of 
semiquinones, generated by autoxidation of in- 
doles, to recycle Fe(II) ions prevails, accounting for 
the observed prooxidant effect. 

In vitro studies showed that the ultraviolet illu- 
mination of melanin generates superoxide anion, 
hydrogen peroxide, and hydroxyl radicals (Felix et 
al. 1978,1979). Nofsinger et al. (2002) examined 
by studying the UV-B induced oxidation and reduc- 
tion of cytochrome c by reactive oxygen species 
generated by different aggregation states of eumela- 
nin isolated from the cuttlefish Sepia officinalis. 
The quantum yield for superoxide anion by unag- 
gregated oligomers is 7.4 x 10~ 3 , an order of magni- 
tude greater than that of the bulk pigment. The 
quantum efficiency of hydrogen peroxide produc- 
tion by oligomers is 5.7 x 10“ 3 , and its production is 
attributed to reaction between superoxide anion 
and hydroquinone groups on eumelanin oligomers. 
Aggregation of oligomers results in a reduction of 
these quantum yields, having a significantly greater 
effect on the efficiency of hydrogen peroxide pro- 
duction. This effect is attributed to the decrease in 
surface concentration of hydroquinone sites upon 
aggregation. 
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6.1. 4.7 

4b,5,9b,10-Tetrahydroindeno[1,26]indole 

4b,5,9b,10-Tetrahydroindeno[l,2h]indole has been 
shown to inhibit lipid peroxidation and is thought 
to act as a free radical scavenger (Shertzer and 
Sainsbury 1991). In Jurkat T cells treated with the 
cytotoxic agents camptothecin, actinomycin D and 
ultraviolet irradiation, 4b,5,9b,10-tetrahydroindeno 
[l,2h]indole was found to inhibit the morphological 
features of apoptosis (Devitt et al. 1999). In UV- 
irradiated cells, 4b,5,9b,10-tetrahydroindeno[l,2h] 
indole partly inhibited 0 2 *“ production. 4b, 5, 9b, 10- 
Tetrahydroindeno[l,2h]indole was unable to inhibit 
mitochondrial depolarisation in UV, camptothecin 
or anti-Fas-treated cells. 

6.1. 4.8 
Pinoline 

The methoxylated |3-carboline, pinoline (6-metho- 
xy-l,2,3,4-tetrahydro-(j-carboline or 5-methoxy- 
tryptoline) has been primarily investigated as a free 
radical scavenger. In the pineal gland pinoline oc- 
curs during the metabolism of melatonin with 5- 
methoxytryptamine as an intermediate (Araksi- 
nen et al. 1993). It possesses biological activity in 
mammals in nanomolar concentrations, and re- 
cently interest has focused on this molecule as a po- 
tential free radical scavenger. According to Pahkla 
et al. (1997) pinoline possesses free radical scaveng- 
ing activity similar to that of melatonin. 

6.1. 4.9 

Indolinonic Aminoxyls 

Aminoxyls can undergo reversible transformation 
to the corresponding hydroxylamines in the super- 
oxide dismutase mimic reaction (Samuni et al. 
1988, Mitchell et al. 1990) or irreversible transfor- 
mation to non-paramagnetic alkylated hydroxyl- 
amines with carbon-centred radicals (Beckwith et 
al. 1988, Chateauneuf et al. 1988, 1992, Bowry 
and Ingold 1992). The antioxidant properties of 
aminoxyls and their ability to penetrate cell mem- 
branes (Hu et al. 1989) makes them attractive com- 
pounds for highly sensitive methods in the study of 
lipid oxidation kinetics as well as membrane acces- 
sible antioxidants in biological systems (Nilsson et 
al. 1989, Mitchell et al. 1991). On thermally and 
peroxyl radical-induced oxidised linolenic acid mi- 
celles different concentrations of aminoxyls malon- 
dialdehyde production indicated that indolinonic 
aminoxyls could be used as effective antioxidants in 
biological systems (Antosiewicz et al. 1993). 



6.1.4.10 

Fluvastain and its Metabolites 

The inhibitory effects of 5-hydroxyfluvastain (me- 
tabolite 2 of fluvastain) and 6-hydroxyfluvastain 
(metabolite 3 of fluvastain) on the formation of '0 2 , 
0 2 "~, HO', and OC1" were stronger than that of pra- 
vastatin, simvastatin, probucol and a-tocopherol 
(Nakashima et al. 2001). Scavenging of ‘0 2 by the 
des-isopropyl metabolites 4 and 5 of fluvastain, (+)- 
fluvastain and (-)-fluvastain was also noted. 

6.1.4.11 

Benzylisoquinolines 

The benzylisoquinoline alkaloids are comprised of 
a large group of secondary plant metabolites, which 
display a variety of pharmacological actions. There 
is a considerable variation in structure between the 
groups of isoquinoline alkaloids as the result of dif- 
ferent stages in the common biogenetical pathway 
using tyrosine as precursor. Nevertheless, many of 
them possess phenolic or other reactive groups, 
which suggest their possible participation in redox 
reactions. 

Some biscoclaurine alkaloids (bisbenzylisoqui- 
noline derivatives) were able to inhibit superoxide 
production by phorbol ester-stimulated human 
polymorphonuclear leucocytes (Haisong et al. 
1990) and lipid peroxidation in biological mem- 
branes (Shiraishi et al. 1980). 

Bulbocapnine, boldine, glaucine, and stepholi- 
dine acted as scavengers of hydroxyl radicals in the 
deoxyribose degradation by Fe 3+ -ethylenediamine- 
tetraacetic acid (EDTA) + H 2 0 2 (Ubeda et al. 1993). 
On the contrary, laudanosoline, apomorphine, pro- 
topapaverine, anonaine, and tetrahydroberberine 
increased deoxyribose degradation by a mechanism 
related to the generation of superoxide anion. Only 
apomorphine had a stimulating effect in the system 
using citrate instead of EDTA as well as in the ab- 
sence of chelator. Apomorphine also stimulated 
DNA damage by Cu 2+ . The iron ion reducing ability 
of apomorphine and laudanosoline was confirmed 
using cytochrome c. Both compounds scavenged 
hydroxyl radicals in an aqueous medium, while in 
Fe 3+ -induced microsomal lipid peroxidation apo- 
morphine acted as an inhibitor and laudanosoline 
stimulated the process. 

6.1.4.12 
Bilirubin 

Bilirubin and its metabolic precursor biliverdin at 
micromolar concentrations inhibited the formation 
of peroxyl radical-induced oxidation of linoleic acid 



108 Chapter 6 Reactive Oxygen and Nitrogen Species 



in homogeneous solution in a concentration- 
dependent way (Stocker et al. 1987). They can 
scavenge the chain-carrying peroxyl radical either 
by donating a hydrogen atom attached to the C- 10- 
bridge of the tetrapyrrole molecule to form a 
carbon-centred radical with resonance stabilisation 
extending over the entire bilirubin molecule or by 
some other path. The antioxidant activity of biliru- 
bin increased as the experimental concentration of 
oxygen was decreased from 20% (that of normal 
air) to 2 % (physiologically relevant concentration). 
Under 2 % 0 2 , in liposomes, bilirubin suppressed 
the oxidation more than a-tocopherol. While 
bilirubin functioned as a chain breaking antioxi- 
dant (peroxyl radical reductant), the biliverdin 
acted as peroxyl radical trap. Bilirubin in a complex 
with serum albumin, as found in blood, prevents 
the peroxidation of albumin bound fatty acids, and 
protects the bound albumin against HO" mediated 
degradation (Stocker et al. 1987, Neuzil and 
Stocker 1993). Conjugated bilirubin, as found in 
bile, prevents lipid peroxidation in liposomes 
(Stocker and Ames 1987). Both aqueous phase bil- 
iverdin and conjugated bilirubin synergize with a- 
tocopherol in preventing lipid peroxidation in lipo- 
somes (Stocker and Peterhans 1989). Bilirubin 
and biliverdin inhibit a-tocopherol consumption, 
possibly by reducing its chromanoxyl radical. In 
plasma, exogenous bilirubin inhibits lipid peroxi- 
dation after the depletion of endogenous circulat- 
ing antioxidants, which are consumed in the order: 
ubiquinol-10, ascorbate, and bilirubin (Neuzil and 
Stocker 1994). Other antioxidant effects of biliru- 
bin include reactions with 0 2 *~ and HOC1 (Stocker 
and Peterhans 1989), quenching of 'Ag0 2 (Ste- 
vens and Small 1976), inhibition of photooxida- 
tive damage to protein (Pedersen et al. 1977), and 
inhibition of chemiluminescence in active macro- 
phages. 

Clark et al. (2000) found that hemin-mediated 
increase in the inducible isoform of haem oxyge- 
nase protein expression and haem oxygenase activ- 
ity is associated with augmented bilirubin levels. 
The majority of bilirubin production occurred early 
after exposure of bovine vascular smooth muscle 
cells to hemin. Hemin pre-treatment also resulted 
in high resistance to cell injury caused by an 
oxidant-generating system. Tin protoporphyrin IX, 
an inhibitor of haem oxygenase activity, signifi- 
cantly reduced bilirubin generation and reversed 
cellular protection afforded by hemin treatment. 
Addition of bilirubin to the culture medium mark- 
edly reduced the cytotoxicity produced by oxidants. 



6.1.4.13 

Trimethyluric Acid and its Analogues 

Bhat et al. (2001) prepared new water-soluble ana- 
logues of 1,3,7-trimethyluric acid with N-l methyl 
replaced by various groups and tested their ability 
to scavenge hydroxyl radicals as well as their pro- 
tective potential against lipid peroxidation in eryth- 
rocyte membranes. The deoxyribose degradation 
method indicated that all the analogues tested ef- 
fectively scavenge hydroxyl radicals and some of 
them show better activity than uric acid and meth- 
yluric acids. These effects were shown to be concen- 
tration dependent and were more potent at low 
concentrations (10-50 piM). Among the analogues 
tested, 1 -butyl-, 1-propargyl- and 1 -benzyl-3, 7- 
dimethyluric acids showed high hydroxyl radical 
scavenging properties with a reaction rate constant 
(Ks) of 3.2-6.7 x 10 10 M'V 1 , 2.3 -3.7 x 10 10 M'V 1 , 
and 2.4-3. 7 x 10 10 M'V 1 , respectively. The effec- 
tiveness of these analogues as hydroxyl radical scav- 
engers appeared to be better than mannitol (Ks, 
1.9-2. 5 x 10 9 M'V 1 ). With the exception of 1- 
pentyl- and l-(2’-oxopropyl)-3,7-dimethyluric ac- 
ids, all other analogues tested were effective inhibi- 
tors of ferf-butylhydroperoxide-induced lipid per- 
oxidation in human erythrocyte membranes. 

6.1.4.14 
Curcumin 

While most of the natural antioxidants possess ei- 
ther a phenolic function or a (3-diketone group, cur- 
cumin, (1,7- bis 4-hydroxy-3-methoxyphenyl)-l,6- 
heptadiene-3,5-one also known as diferuloylme- 
thane, and its analogues are unique, having both 
phenolic and |3-diketone functional groups on the 
same molecule. Like a-tocopherol, curcumin is a 
lipid soluble antioxidant and is believed to be loca- 
lised within the membranous subcellular fraction of 
cells. Micellized curcumin reacted with haloperoxyl 
radicals superoxide, and lipid peroxyl radicals with 
rate constants of 5xl0 8 , 4.6 xlO 4 , and 5.3 xlO 5 
M'V 1 , respectively (Priyadarsini 1997). Cur- 
cumin inhibited the 'Cb-dependent 2,2,6,6-tetra- 
methylpiperiodine N-oxyl (TEMPO) formation in a 
dose-dependent manner (Das and Das 2002). At 
2.75 /uM it caused 50 % inhibition of TEMO- 1 0 2 ad- 
duct formation. However, curcumin only margin- 
ally inhibited (24 % maximum at 80 uM) reduction 
of ferricytochrome c in a xanthine-xanthineoxidase 
system demonstrating that it is not an effective su- 
peroxide radical scavenger. 

In the presence of Cu(II) curcumin caused 
strand cleavage in DNA through generation of reac- 
tive oxygen species, particularly HO" and H 2 0 2 
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(Ahsan and Hadi 1998). Studying the structure' - 
activity relationship between curcumin and its two 
naturally occurring derivatives, demethoxycurcu- 
min and bisdemethoxycurcumin, Ahsan et al. 
(1999) found curcumin to be most effective in the 
DNA cleavage reaction and a reducer of Cu(II) fol- 
lowed by demethoxycurcumin and bisdemethoxy- 
curcumin. The rate of formation of hydroxyl radi- 
cals by the three curcuminoids studied also showed 
a similar pattern. The relative antioxidant activity 
was examined by studying the effect of these curcu- 
minoids on cleavage of plasmid DNA by Fe(II)- 
EDTA system (hydroxyl radicals) and the genera- 
tion of singlet oxygen by riboflavin. The results in- 
dicated that curcumin was considerably more active 
both as an antioxidant as well as an oxidative DNA 
cleavage agent. The DNA cleavage activity is the 
consequence of binding of Cu(II) to various sites of 
the curcumin molecule. Ahsan et al. (1999) pro- 
posed three binding sites for Cu(II). Two of these 
sites are provided by the phenolic and methoxy 
groups on the two benzene rings and the third site 
is due to the presence of 1,3-diketone system be- 
tween the rings. 

Translocation of the transcription factor NF-xB 
in A549 epithelial cells, caused by carcinogenic SiC 
fibres (60.86 % < 10 pm; 27.6 % <20 pm) could be 
significantly reduced by adding 50 pM curcumin to 
the culture medium (Brown et al. 1999). 

Exposure of bovine aortic endothelial cells to 
curcumin (5-15 pM) resulted in both a concen- 
tration- and time-dependent increase in heme 
oxygenase- 1 mRNA, protein expression and heme 
oxygenase activity (Motterlini et al. 2000). Hy- 
poxia (18 h) also caused a significant ( P <0.05) in- 
crease in heme oxygenase activity, which was mark- 
edly potentiated by the presence of low concentra- 
tion of curcumin (5 pM). Prolonged incubation 
(18 h) with curcumin in normoxic or hypoxic con- 
ditions resulted in enhanced cellular resistance to 
oxidative damage; this cytoprotective effects were 
considerably attenuated by tin protoporphyrin IX, 
an inhibitor of heme oxygenase activity. In contrast, 
exposure of cells to curcumin for a period of time 
insufficient to up-regulate heme oxygenase-1 (1.5 
h) did not prevent oxidant-mediated injury. 

Generation of 0 2 ’~ was inhibited by curcumin, 
when blood neutrophils from rhesus monkeys were 
stimulated with arachidonic acid, serum treated zy- 
mosan and N-formyl-methionyl-leucyl alanine 
(Srivastava 1989). 

In a p53 null human oral squamous carcinoma 
cell line curcumin (5 pM and (10 uM) arrested 
growth in S/G 2 which was confirmed with an in- 
creased bromodeoxyuridine labelling (Weir and 
Hague 2002). Treated cells showed increased 



poly(ADP-ribose) polymerase (PARP) cleavage and 
cleaved caspase 3 activity. The expression of E- 
cadherin decreased slightly by 72 h, however, there 
was no change in the protein expression or localisa- 
tion of (S-catenin. However |3-catenin activity did 
slightly increase. 



6.1.4.15 

Amidothionophosphates 

In contrast to ascorbic acid and a-tocopherol ami- 
dothionophosphates did not have any pro oxidative 
effects as measured by oxygen consumption from 
buffer solutions containing the drug and cupric sul- 
phate as a source of redox-active metal ions (Ti- 
rosh et al. 1996). Amidothionophosphates reduced 
significantly and in a dose-dependent manner the 
oxygen burst in human neutrophils as measured by 
luminol-dependent luminescence, and they also 
markedly depressed the killing of human fibro- 
blasts by mixtures of glucose oxidase and streptoly- 
sin S. The toxicity of these molecules was tested by 
intraperitoneal injection of doses up to 1000 mg/kg 
to white Sabra mice. No mortality was observed 
30 d after administration of up to 500 mg/kg. 



6.1.4.16 

Poly-2-vinylpyridine-/V-oxide and Other Nitroxides 

Nitroxide radicals protect cultured mammalian 
cells exposed to ionising radiation (De Graff et al. 
1992) and microsomal membranes against lipid 
peroxidation (Miura et al. 1993). They also protect 
bacterial cells exposed to H 2 0 2 , hypoxanthine/xan- 
thine oxidase (Samuni et al. 1991), cytotoxic drugs 
such as streptonigrin (Krishna et al. 1994), and the 
naphthoquinones juglone and menadione (Zhang 
et al. 1994). Nitroxides oxidise reduced metals, thus 
inhibiting their participation in metal-catalyzed, 
free radical generating reactions (Samuni et al. 
1991, Bowry and Ingold 1992). 




Poly-2-vinylpyridine-N-oxide PVNO radical-adduct 
(PVNO) [63] 



Subcutaneous injections of polyvinylpyridine-N- 
oxide inhibited the development of severe silicosis 
after intratracheal instillation of quartz DQ 12 in 
rats and prolonged the life span; the total tumour 
incidence and especially the rate of malignancies 
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increased (Pott et al. 1994). Tumour induction was 
significantly retarded when 0.3 mg actinolite was 
injected intraperitoneally suspended in 1 ml of a 
2 % solution of polyvinylpyridine-N-oxide instead 
of 0.9 % NaCl (Pott et al. 1987). 

Indolinonic and quinolinic aromatic nitroxides 
have been shown to efficiently scavenge all kinds of 
radicals. They couple with carbon-centred radicals, 
giving alkylated hydroxylamines (Carloni 1991, 
Stipa et al. 1997), and unlike the aliphatic nitroxi- 
des, they react with all oxygen-centred radicals 
such as hydroxyl (Damiani et al. 1999), alkoxyl 
(Greci 1982), peroxyl (Cardellini et al. 1989), 
and aroyloxyl (Berti et al. 1977) to form nonpara- 
magnetic compounds. From a study by Daminani 
et al. 2000) it seems that a structure'activity rela- 
tionship determined by the type of ring system and 
its substituents (to which the nitroxide function is 
attached) could exist. 



6.1.4.17 

3-Methyl-1-phenyl-2-pyrazolin-5-one 

3-Methyl- l-phenyl-2-pyrazolin-5-one (MCI-186) is a 
potent scavenger of hydroxyl radicals inhibiting not 
only hydroxyl radicals but iron-induced peroxidative 
injury (Watanabe et al. 1988, Muroto et al. 1990). 
After the reaction with peroxy radicals, MCI-186 
changes into 2-oxo-3-(phenylhydrazone)-butanoic 
acid (Yamamoto et al. 1996, Kawai et al. 1997). 



6.1.4.18 

Chlorpromazine 



ide synthase after LPS challenge (Palacios et al. 
1993). 
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Chlorpromazine 
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Chlorpromazine radical 



[64] 



Both phototoxic and photoallergic reactions oc- 
curred in patients receiving low doses of chlor- 
promazine and several other phenothiazine tran- 
quillizers (Zelickson and Zeller 1964). High dos- 
age and prolonged treatment can produce severe 
dermatitis that is frequently accompanied by dark- 
ening of the skin due to the deposition of melanin 
in lower layers of the dermis. Such patients may 
also suffer retinal damage, ocular opacity, and loss 
of vision. 

Chlorpromazine sulfoxide, a chlorpromazine 
metabolite formed in man and several other mam- 
malian species, produced when irradiated with 
near-UV light large amounts of the highly reactive 
hydroxyl radical (Buettner et al. 1986). 



Phenothiazines, which are frequently antihista- 
minic as well as antipsychotic, concentrate in lung 
tissue after any route of administration. Subcutane- 
ous or intravenous injection of chlorpromazine into 
rats, rabbits, and guinea pigs resulted in a similar 
pattern of distribution (Berti and Cima 1955, 
Hackman et al. 1970). Studies in the cat showed 
similar concentrations of chlorpromazine in the 
lung, which remained almost constant from 1 to 
48 h after intravenous injection (Gothelf and 
Karczmar 1963). 

Chlorpromazine, which inhibited vasopressin re- 
lease in the rat (Moses 1964), is an excellent elec- 
tron donor and thus activated to a cation free radi- 
cal by the myeloperoxidase system of the human 
neutrophil (Van Zyl et al. 1990). The relatively high 
stability of this radical is due to resonance stabilisa- 
tion and the absence of a hydrogens. The radical 
ion interacted with deoxyribonucleic acid (Ohni- 
shi and McConnell 1965). 

Chlorpromazine inhibited both constitutive 
nitric oxide synthase and the induction of nitric ox- 



6.1.4.19 

Ebselen 

Description of the glutathione peroxidase-like ac- 
tivity of the biologically active selenoorganic com- 
pound ebselen (then called PZ51) (Muller et al. 
1984, Wendel et al. 1984) led to extended research 
on this interesting molecule ranging from studies 
on radical reactivity through its biological proper- 
ties in cells and organs to clinical settings, notably 
afflictions of the central nervous system. Basically, 
the compound is considered capable of contribut- 
ing to the antioxidant defence in tissues, so that a 
potential pharmacological application becomes of 
interest (Sies and Masumoto 1996). 



O 




Ebselen, 2-phenyl-1,2-benzisoselenazol-3(2H)-one [65] 
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Ebselen suppressed the oxidation of methyl linole- 
ate emulsions in aqueous dispersion induced by 
iron (10 uM Fe 2+ ), the spontaneous oxidation of rat 
brain and liver homogenates, but did not suppress 
the oxidation of these homogenates induced by 
10 mM of the free radical initiator, 2,2’- 
azobis(amidinopropane) dihydrochloride (Nogu- 
chi et al. 1992). 

The reaction of ebselen with singlet oxygen is 
only sluggish (Scurlock et al. 1991). The reactivity 
of ebsenen and related selenoorganic compounds 
with 1,2-dichloroethane radical cations and haloge- 
nated peroxyl radicals was studied by pulse radiol- 
ysis (Schoneich et al. 1990). Ebselen (10 mg/kg) 
decreased ozone (2 ppm for 4 h)-induced pulmo- 
nary inflammation in rats (Ishii et al. 2000). Al- 
though treatment with ebselen did not alter the 
macrophage expression of inducible nitric oxide 
synthase after the ozone exposure, it did markedly 
inhibit the nitration reaction of tyrosine residues, 
suggesting that ebselen scavenged peroxynitrite 
during ozone-induced pulmonary inflammation. 
Treatment with ebselen also enhanced the pulmo- 
nary expression of both copper, zinc, and manga- 
nous superoxide dismutases at the same time. 

Ebselen (< 10 mg/kg) significantly inhibited late 
airway responses to an ovalbumin challenge in 
guinea pigs, but did not inhibit immediate airway 
response at any dose (Zhang et al. 2002). Broncho- 
alveolar lavage examination showed that airway in- 
flammation was significantly suppressed by ebselen 
at 10 mg/kg. The generation of 0 2 *~ and H 2 0 2 oc- 
curred on endothelial cells of late airway response 
bronchi, and was inhibited by 10 mg/kg ebselen. 

The peroxynitrite-induced luminol chemilumi- 
nescence emitted from Kupffer cells (Wang et al. 
1991) was inhibited in the presence of low concen- 
trations of ebselen (Wang et al. 1992). Ebselen rap- 
idly reacts with peroxynitrite in a bimolecular fash- 
ion, yielding the selenoxide of the parent molecule, 
ebselen Se-oxide [2-phenyl- 1,2-benzisoselenazol- 
3(2H)-one 1-oxide], as the sole selenium-containing 
product at 1 : 1 stoichiometry (Masumoto and Sies 
1996). 

A diselenide, 2,2’-diseleno-bis-|3-cyclodextrin 
accepts a variety of hydroperoxides as substrates 
(Liu et al. 2000). The glutathione peroxidase-like 
activities, reduction of H 2 0 2 , ferf-butyl hydroperox- 
ide and cumenyl hydroperoxide by glutathione were 
7.4, 4.5 and 10.2 U/umol, respectively. In contrast to 
ebselen, the diselenide displayed high glutathione 
peroxidase-like activity. The reduction of hydroper- 
oxide by glutathione in the presence of a radical 
trap showed that the mimic catalyses the reaction 
via a non-radical mechanism. 



6.1.4.20 

Thiols 

The role of thiols as antioxidants protecting cell 
against oxidative processes and free radical attack 
including the antioxidant efficiency of thiols in 
membranes has been the subject of many studies 
(Schoneich et al. 1990, Barclay et al. 1995). How- 
ever, in addition to the chemical repair of radical 
damage by the reducing thiol group, the role of the 
thiyl radical formed as a source of a reactive oxi- 
dant has to be addressed (Stocker and Frei 1991). 
Thiyl radicals attack polyunsaturated fatty acids at 
the bisallylic methylene groups forming pentadie- 
nyl radical by hydrogen abstraction. Thiyl radical 
additions occur to the double bonds. Thiyl radical- 
catalysed lipid isomerization takes place within the 
adduct of the thiyl radical to an olefinic group of 
unsaturated fatty acids, but not within the penta- 
dienyl radical (Sprinz et al. 2000). 

Carbon-centred radicals formed on the carbohy- 
drate moieties of DNA can be “repaired” through 
hydrogen transfer from thiols (von Sonntag 
1987): 

DNA-C + RSH— ►DNA— CH + RS- [66] 

Rate constants are on the order of 10 4 M _1 s _1 , with 
the highest average value for 2-deoxy-D-ribose 
(2.7 ± 1.0) x 10 4 JVrV 1 , and the lowest average value 
for 2-deoxy-D-glucose (1.6 ±0.2) x 10 4 M -1 s -1 , based 
on two ways of kinetic analysis, standard competi- 
tion kinetics and stochastic simulation of the exper- 
imental results, respectively (Pogocki and 
Schoneich 2001). In general, thiyl radicals attack 
preferentially the C'-H bond of the carbohydrates, 
to an extent of ca 72 % in 2-deoxy-D-ribose and 
90 % in 2-deoxy-D-glucose. 

Data on the hydrogen transfer to deoxyuridine- 
l’-yl radicals in model oligonucleotides have shown 
that this process my occur with remarkable stereo- 
selectivity, restoring predominantly the naturally 
occurring (3-deoxynucleotide (Hwang and Green- 
berg 1999). 

6.1.4.20.1 

Tetradecylthioacetic Acid 

Tetradecylthioacetic acid is a synthesised saturated 
fatty acid where a sulphur atom substitutes the 
third methylene group from the carboxylic end: 

CH 3 — (CH 2 ) 13 -S-CH 2 -COOH [67] 

Tetradecylthioacetic acid cannot be |3-oxidised 
(Lau et al. 1988) but can be metabolised by 
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sulphur- and co-oxidation to dicarboxylic acids, 
which are subsequently excreted via the kidneys 
(Bergseth and Bremer 1990). Tetradecylthioa- 
cetic acid and the more potent tetradecylseleno- 
acetic acid 

CH 3 — (CH 2 ) 13 -Se — CH 2 -COOH [68] 

increased the lag time before the onset of copper- 
induced low-density lipoprotein oxidation in a dose- 
dependent manner (Muna et al. 2000). Tetradecyl- 
thioacetic acid and tetradecylselenoacetic acid were 
shown to reduce the iron-ascorbate-induced micro- 
somal lipid peroxidation. In the presence of iron, 
they interacted with the superoxide radical as as- 
sessed by direct and indirect testing methods. Both 
failed to scavenge l.l-diphenyl-2-picrylhydrazyl rad- 
icals. Tetradecylselenoacetic acid bound copper ions 
as shown by the wavelength spectra measurement. 

6.1.4.20.2 

Mercaptohistidine Derivatives 

2-Mercaptohistidine trimethylbetaine (ergothione- 
ine) is known to be formed in micro-organisms 
(Melville et al. 1955, Melville 1959, Hartman 
1990). It possesses beneficial radioprotective effects 
(Rougee et al. 1988, Hartman 1990), scavenges 
singlet oxygen (Dahl et al. 1988), hypochlorous 
acid, hydroxyl radicals (Akanmu et al. 1991, Asmus 
et al. 1996), azide (N 3 ") radicals (Asmus et al. 1996) 
and trichloromethylperoxyl (CC1 3 0 2 ’ radicals (As- 
mus et al. 1996), possesses antimutagenic proper- 
ties (Hartan and Hartman 1987), and has been 
linked to the metabolism of iron, copper and zinc 
(Motohashi et al. 1976) and the inhibition of 
metallo-enzymes (Hanlon 1971). Ergothioneine 
inhibited peroxynitrite (1 mM) -induced oxidative 
damage in isolated calf thymus DNA and DNA in 
the neuronal hybridoma cell line N-18-RE-105 cells 
(Aruoma et al. 1999). Its concentration in human 
and mammalian tissues has been estimated to be 
up to 1-2 mM (Melville et al. 1955, Melville 
1959, Muda et al. 1988, Hartman 1990), which 
suggests that ergothioneine may serve as a non- 
toxic thiol buffering antioxidant in vivo and may 
find application in pharmaceutical preparations 
where oxidative stability is desired. 

Of the 4-mercaptohistidine derivatives to which 
belong the ovothioles from the eggs of marine echi- 
noderms and mollusces, l,5-dimethyl-4-mercapto- 
imidazole due to the unusual stability of its thiyl 
radical is superior to glutathione as a one-electron 
donor (Holler and Hopkins 1990). Danen and 
Newkirk (1976) have similarly rationalised the re- 
markable stability of thionitroxide radicals. 
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1,5-Dimethyl-4-thioimidazol [69] 

Zoete et al. (1997) tested the radical-scavenging 
properties of fourteen thioimidazols using two sta- 
ble free radicals, Fremy’s salt and the 2,2-diphenyl- 
1-picrylhydrazyl radical. Seven compounds emerged 
as the most active molecules far above glutathione 
and close to ascorbic acid. Each of these active com- 
pounds were substituted on position 2 or 5 of the 
imidazol ring by strongly withdrawing groups like 
chlorophenyl or trifluoromethylphenyl. 

6.1.4.20.3 

Thioproline 

Thioproline (thiazolidine-4-carboxylic acid) can act 
as intracellular sulfhydryl antioxidant and free radi- 
cal scavenger (Weber et al. 1982) protecting cellu- 
lar membranes from damage due to oxygen-derived 
reactions. This antioxidant, when administered to 
old mice , had a favourable effect on lymphocyte 
functions (De la Fuente et al. 1993). Thioproline 
had no effect on adherence of murine (BALB/c mice 
14 to 20 weeks old) peritoneal macrophages to a 
smooth plastic surface (Eppendorf tubes) while the 
phagocytosis of latex beads (1.09 pm) was stimu- 
lated (Del Rio et al. 1998). Random migration, che- 
motaxis, ingestion and superoxide anion produc- 
tion were increased. 

O 

ii 

HO-C 




Thioproline [70] 

6.1.4.20.4 

3-(2-Mercaptoethyl)quinazoline-2,4(1//,3//)dione 

3-(2-Mercaptoethyl)quinazoline-2,4(lH,3H)dione 
(2 mM) isomerized 5 mM oleic acid without a sig- 
nificant decay of the thiol concentration (Sprinz et 
al. 2000). However, in fatty acid chains with bisal- 
lylic groups two competing processes occurred: ad- 
duct formation (including the isomerization) and 
the hydrogen abstraction of a bisallylic hydrogen. 

RS' + PUFA — ►L' + RSH [71] 
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6.1.4.20.5 

Metallothioneins 

Although it is generally accepted that the principal 
roles of metallothionein lie in the detoxification of 
heavy metals and regulation of the metabolism of 
essential trace elements, there is increasing evi- 
dence that in can act as a free radical scavenger 
(Sato and Bremner 1993). The metallothionein 
contains two separate metal thiolate clusters, one 
with four (cluster A) and one with three (cluster B) 
metal ions, respectively (Kagi et al. 1990). The af- 
finity of metal ions for the binding sites on metallo- 
thionein differs quire markedly, the rank order be- 
ing Zn < Cd < Cu < Hg < Ag (Holt et al. 1980). 
Metallothionein is characterised by a high thiol 
content and absence of aromatic amino acids, in- 
cluding tyrosine, tryptophan and phenylalanine 
(Kojima and Kagi 1978). Twenty of the 61 amino 
acid residues in the molecule are cysteinyl residues, 
all of which are involved in metal binding. 

Oxidative stress induced by several toxicants in- 
creased metallothionein levels in mouse tissues 
(Bauman et al. 1991). 

6.1.4.21 

Carvedilol 

Carvedilol, l-(9H-carbazol-4-yloxy)-3-[[2-(2-metho- 
xyphenoxy)ethyl] amino] -2-propanol, competitively 
inhibits |3-receptors (Sponer et al. 1987, Nichols 
et al. 1989, De Mey et al. 1994, Sponer and 
Feuerstein 1999), blocks a r receptors (De Mey et 
al. 1994, Sponer and Feuerstein 1999), and acts 
as an antioxidant (Yue et al. 1992, 1999, Aruma- 
nayagam et al. 2001). Hydroxylation of the carba- 
zol moiety significantly increases the antioxidative 
effect. Some metabolites have a ten-times higher 
oxygen radical-scavenging effect than carvedilol it- 
self (Feuerstein et al. 1993). A hydroxylated ana- 
logue of carvedilol affords exceptional antioxidant 
protection to postischemic rat hearts (Kramer and 
Weglicki 1996). 

Four oxidative metabolites: 1-hydroxycarvedilol, 
8-hydroxycarvedilol, 4’-hydroxycarvedilol, and 0- 
desmethylcarvedilol were formed by incubation of 
R(+)- and S(-)-carvedilol with rat liver microsomes 
(Fujimaki 1994). As expected from in vivo metabo- 
lism studies, 1-hydroxycarvedilol and 8-hydroxy- 
carvedilol were the major products for both enan- 
tiomers used as a substrate. The SIR enantiomeric 
ratios for intrinsic clearance ( V max /K M ) of 1-hydro- 
xycarvedilol, 8-hydroxycarvedilol, O-desmethyl- 
carvedilol and 4’-hydroxycarvedilol were 0.40, 1.99, 
0.77, and 2.71, respectively, showing that stereospe- 
cific oxidation occurs in this species. The cause of 



the difference in intrinsic clearance for 1-hydro- 
xycarvedilol and 8-hydroxycarvedilol between the 
two enantiomers was based on the difference in af- 
finity in the catalysing enzyme. The main enzyme 
concerned in the 1- and 8-hydroxylation of both en- 
antiomers is considered to be CYP2D1. In the 0- 
demethylation of both enantiomers CYP2C11 is 
probably the main catalysing enzyme, because sex 
differences ‘ but not strain differences, were ob- 
served in both Sprague-Dawley and Dark Agouti 
rats, and also anti-CYP2Cll strongly inhibited this 
demethylation. 



P blockade 




antioxidant 



Chemical structure of carvedilol [72] 

Since the antioxidant capacity of carvedilol is be- 
lieved to reside in the carbazole moiety (Yue et al. 
1992, 1994, MacKerell jr. et al. 1995), Miglia- 
vacca et al. (1998) used 4-methoxycarbazole as a 
model compound for carvedilol, and 1-hydroxy- 
and 3-hydroxy-4-methoxycarbazole for its 1- and its 
3-hydroxylated metabolites. 1-Hydroxy- and 3- 
hydroxy-4-methoxycarbazole have good antioxi- 
dant activities based of their AH abs values. These 
calculations suggest that both compounds scavenge 
free radicals via direct H-atom transfer, since their 
oxyl radical is relatively stable. Hydroxylated carba- 
zole derivatives such as carazostatin and carbazo- 
mycin show a considerable antioxidant activity, 
whereas non-hydroxylated carbazoles are inactive 
(Iwatsuki et al. 1993, Kato et al. 1993). 

There was no evidence from cell-free assay sys- 
tems that carvedilol is a scavenger for 0 2 *~ or ‘NO 
(Asbrink et al. 2000). Carvedilol did not affect other 
reactions dependent on ‘NO, e.g. spontaneous of 
formyl-methionyl-leucyl-phenylalanine-stimulated 
polymorphonuclear leucocyte migration or lipoxin 
A 4 -, fMLP-, or A23187-induced neutrophil cytotox- 
icity for human umbilical vein endothelial cells. 
Thus, these effects point to the possibility that car- 
vedilol modulates the NADPH oxidase of polymor- 
phonuclear leucocytes but leaves the nitric oxide 
synthase of phagocytes intact. Carvedilol exerted 
poor reactivity toward phenoxyl, alkoxyl, and per- 
oxyl radicals in acetonitrile solution nor did it show 
an appreciable antioxidant effect against either the 
peroxyl radical-induced oxidation of methyl linole- 
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ate in acetonitrile or against phosphatidylcholine li- 
posomal membranes in aqueous suspension (No- 
guchi et al. 2000). Carvedilol completely inhibited 
the ferric ion-induced oxidation of methyl linoleate 
micelles by sequestering ferric ions, but not by re- 
ducing hydroperoxide. It was shown that carvedilol 
enhanced the oxidation of micelles induced by ei- 
ther methemoglobin or peroxyl radical. 

6.1.4.22 

Angiotensin Converting Enzyme Inhibitors 

[ 14 C]Alacepril is converted to captopril via desace- 
tylalacepril in rat liver, kidney and intestine ho- 
mogenates, but not in lung homogenate and 
plasma, where only deacetylation occurred (Mat- 
sumoto et al. 1986). Desacetylalacepril and capto- 
pril, and other -SH angiotensin converting enzyme 
inhibitors are effective free radical scavengers 
(Chopra et al. 1992, Noda et al. 1997). Westlin 
and Mullane (1988) suggested that captopril scav- 
enges the superoxide radical. However, neither hy- 
poxanthine nor xanthine oxidase had any effect on 
captopril -SH as measured with 5,5’-dithiobis-(2- 
nitrobenzoic acid) (Chopra et al. 1992). In the rat, 
captopril may protect the lung (Ward et al. 1992), 
bowel (Yoon et al. 1994), and kidney (Cohen 1994, 
1996) from the development of radiation injury. 
The free radical scavenging action of captopril is 
further substantiated by the observation that capto- 
pril, but not lisinopril, inhibited FeCl 3 /ascorbic 
acid-induced lipid peroxidation in whole tissue ho- 
mogenates of rabbit aorta to a level comparable to 
that of superoxide dismutase (Mittra and Singh 
1998). 

5 Hs O 

HS— CH 2 — CH— CO-N — <— COOH 

Captopril [73] 

Using the pulse radiolysis technique Forni et al. 
(1996) obtained absolute rate constants for the reac- 
tion of captopril with several free radicals. Al- 
though captopril reacted rapidly with a number of 
free radicals, such as the hydroxyl radical ( k = 
5.1 x 10 9 dnU’mol'V 1 ) and the thiocyanate radical 
anion ( k = 1.3 x 10 7 dm^moTV 1 ), it is not excep- 
tional in this ability. Similarly, the reactions with 
carbon centred radicals although rapid are an order 
of magnitude slower than those observed with glu- 
tathione. Additional lipid peroxidation studies 
demonstrated that captopril is a much less effective 
antioxidant than glutathione. The data go some way 
to supporting the view that any attenuation of 
reperfusion injury by captopril is not through a di- 
rect free radical scavenging mechanism but may be 



afforded by other, non radical-mediated mecha- 
nisms. 

Captopril inhibited (IC 50 = 7.6 pM) the opson- 
ized zymosan-induced luminol-enhanced chemilu- 
minescence of human blood polymorphonuclear 
neutrophils (Nagy et al. 1997). 

Captopril succeeded in suppressing oedema evo- 
lution in hind paws of Freund’s arthritic Wistar 
rats, during all phases of the disease (Agha and 
Mansour 2000). During the chronic phase of in- 
flammation, in both Freund’s arthritic and mixed- 
type hypersensitive rats, captopril reduced the ele- 
vated serum and exudate (local) leukotriene B 4 and 
IL-6 levels. The effect of leukotriene B 4 was more 
pronounced in the exudate and tended to be dose- 
related. The antiarthritic effect of captopril was also 
accompanied by augmentation of serum level of 
protein thiols, with reduction or normalisation of 
elevated systemic and/or local levels of lipid perox- 
ide, superoxide dismutase (EC 1.15.1.1) and gluta- 
thione. 

Captopril significantly decreased Cu concentra- 
tion in liver, adrenals, jejunum, urine and hair of 
male Hartley-Albino guinea pigs as measured by 
flame atomic absorption spectrophotometry 
(Kotsaki-Kovatsi et al. 1997). A significant in- 
crease was observed in heart, epididymal and faecal 
Cu. 

In order to assess of sulfhydryl-SH group in the 
effects of captopril, a SH containing drug S8 and a 
disulphide DG4, both are deficient in angiotensin 
converting enzyme inhibitory properties in vitro, Pi 
and Chen (1989) found that S8 (180 pmol/1) pro- 
vided a significant protection while DG4 showed no 
protective effect. 

Ramiprilat, a non-SH-containing angiotensin 
converting enzyme inhibitor, inhibited free radical- 
induced damages mainly by stimulation of prosta- 
cyclin synthesis and/or release (Pi and Chen 1989). 
Ramiprilat (10 -10 M) significantly potentiated the 
release of nitrite (the hydration product of 'NO) 
from isolated coronary microvessels induced by 
bradykinin (10 _1 ° - 10 -7 M). and kallikrein (0.5-10 
U/ml) (Zhang et al. 2000). The calcium channel 
blocker, amlodipine (10 _1 ° M) markedly enhanced 
nitrite production by ramiprilat (10 _7 M) from 
122 ±9 to 168 ± 14 pmol/mg (P <0.05 vs. ramiprilat. 
Nitrite release potentiated by ramiprilat and amlo- 
dipine was entirely blocked by N l:1 -nitro-L-arginine 
methyl ester, an inhibitor of nitric oxide synthase. 
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Serum iron levels significantly decreased by 
3.3 qmol/1 (from 15.5 ±4.9 to 12.2 ±3.9 p.mol/1) in 11 
patients with chronic congestive heart failure medi- 
cated with 5 mg ramipril per day for 2 weeks 
(Verho et al. 1993). 

Cilazapril (10 mg/kg x day) abolished myocar- 
dial reactive oxygen species in Dahl salt-sensitive 
rats on high-salt (8% NaCl for 10 weeks) diet 
(Tsutsui et al. 2001). 

Enalapril maleate modified the activities of 
NADH oxidase and NADH cytochrome c reductase, 
probably inhibiting electron transfer between com- 
plex I and complex III in rat kidney mitochondria 
(Basso et al. 1991). 

Lisinopril, a lysine analogue of enalaprilat, 
hardly scavenged the superoxide or the hydroxyl 
radicals in vitro, using an ESR method (Noda et al. 
1997). 

6.1.4.23 
Propofol 

The anaesthetic propofol (2,6-diisopropylphenol) 
has, as phenol-based free radical scavengers 
(R-OH), antioxidant properties (Kahl 1984, Mur- 
phy et al. 1996). By studying the in vitro interaction 
of propofol and peroxynitrite by chemilumines- 
cence, Kahramam and Dermiryurek (1997) af- 
firmed that propofol lowered the luminol or 
lucigenin-enhanced chemiluminescence of peroxy- 
nitrite. Mouithys-Mickalad et al. (1998) by addi- 
tion of peroxynitrite to propofol in alkaline solution 
(pH 12) detected a short lifetime ESR signal corre- 
sponding to a phenoxy radical. This finding was 
confirmed by a UV-visible study, resulting in the 
appearance of 427 nm peak and the disappearance 
of the peak located at 239 nm. The 291 nm peak re- 
mained unchanged. 

6.1.4.24 
Marchantin H 

Marchantin H is a natural compound isolated from 
Marchantia diptera (Wu 1990). Marchantins are 
naturally phenolic structures isolated from differ- 
ent species of liverwort (Tori et al. 1985, Asakawa 
et al. 1987). Marchantin H could scavenge the stable 
free radical l,l-diphenyl-2-picrylhydrazyl and per- 
oxyl radical derived from 2,2’-azobis(2-amidino- 
propane) dihydrochloride in aqueous phase, but 
not the peroxyl radical derived from 2,2’-azobis 
(2,4-dimethylvaleronitrile) in hexane (Hsiao et al. 
1996). It was reactive toward superoxide anion gen- 
erated by the xanthine/xanthine oxidase system. 
Marchantin H inhibited copper-catalysed oxidation 
of human low-density lipoprotein, as measured by 



fluorescence intensity, thiobarbituric acid-reactive 
substance formation, and electrophoretic mobility 
in a concentration-dependent manner. 

6.1.4.25 

Salen-Manganese Complexes 

EUK-8, a salen-manganese complex may be re- 
garded as a prototype molecule of a class of syn- 
thetic catalytic scavengers with combined superox- 
ide dismutase/catalase activity. The superoxide dis- 
mutase activity of EUK-8 and other salen-manga- 
nese complexes (Baudry et al. 1993) has been dem- 
onstrated using a coupled “indirect” assay method 
(McCord et al. 1973). In this procedure, xanthine 
and xanthine oxidase continuously generate super- 
oxide, which is monitored by its ability to reduce 
the indicator molecule to a spectrophotometrically 
detectable product. Addition of an agent with su- 
peroxide dismutase activity results in suppression 
of the rate of adsorbance change. EUK-8 suppresses 
the rate of reduction of the indicator molecule nitro 
blue tetrazolium in such an assay system (Baudry 
et al. 1993). EUK-8 also exhibited catalase activity, 
based on the ability to generate oxygen in the pres- 
ence of H 2 0 2 . 

Gonzalez et al. (1995) evaluated EUK-8 in a 
highly stringent porcine model for sepsis-induced 
adult respiratory distress syndrome (ARDS). EUK- 
8 abrogated the increase in lung malondialdehyde, 
indicating that it prevented tissue lipid peroxida- 
tion. 

Sharpe et al. (2002) investigated EUK-8 and 
EUK-134 [manganese 3-methoxy W,N’-bis(salicyli- 
dene-ethylenediamine chloride] as possible thera- 
peutic agents in neurological disorders resulting 
from oxidative stress, including Alzheimer’s dis- 
ease, Parkinson’s disease, stroke, and multiple scle- 
rosis. They found that in the presence of a per- 
species (H 2 0 2 , ONOO', peracetate and persulphate), 
the Mn-salen complexes are oxidised to the corre- 
sponding oxo-species (oxoMn-Salen). oxoMn- 
Salens are potent oxidants, and they can rapidly ox- 
idise NO to N0 2 and also oxidise nitrite (N0 2 _ ) to 
nitrate (N0 3 _ ). Thus these Mn-salens have the po- 
tential to ameliorate cellular damage caused by oxi- 
dative and nitrosative stressors, by the catalytic 
breakdown of 0 2 *“, H 2 0 2 , ONOO“, and "NO to be- 
nign species: 0 2 , H 2 0, N0 2 ', and N0 3 ~. 

6.1.4.26 
Schizandrins 

Schizandrins are effective components extracted 
from the Chinese traditional drug Fructus Schi- 
zandrae. Their antioxidant effects may protect hu- 
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man polymorphonuclear leucocytes stimulated 
with 12-0-tetradecanoylphorbol-13-acetate from 
the reactive oxygen species produced (Zhao et al. 
1990). As judged by electron spin resonance spin 
trapping on hydroxyl radicals, the scavenging ef- 
fects of schizandrin B and schizandrol A were 
greater than those of vitamin E and ascorbic acid. 
The scavenging effects on 0 2 *“ surpassed those of 
vitamin E but were less than by ascorbic acid. 

6.1.5 

Antioxidants 

Antioxidants minimise oxidation of the lipid com- 
ponents in foods. It is important to evaluate such 
natural and/or synthetic compounds fully for both 
antioxidant and pro-oxidant properties. Aesch- 
bach et al. (1994) characterised the properties of 
thymol, carvacrol, 6-gingerol, hydroxytyrosol and 
zingerone. Thymol, carvacrol, 6-gingerol and hy- 
droxytyrosol decreased peroxidation of phospho- 
lipid liposomes in the presence of Fe(III) and ascor- 
bate, but zingerone had only a weak inhibitory ef- 
fect on the system. The compounds were good scav- 
engers of peroxyl radicals (CC1 3 0 2 '; calculated rate 
constant > 10 6 M _1 s _1 ) generated by pulse radiolysis. 
Thymol, carvacrol, 6-gingerol and zingerone were 
not able to accelerate DNA damage in the bleomy- 
cin-Fe(III) system. Hydroxytyrosol promoted de- 
oxyribose damage in the deoxyribose assay and 
also promoted DNA damage in the bleomycin- 
Fe(III) system. This promotion was inhibited 
strongly in the deoxyribose assay by the addition of 
bovine serum albumin to the reaction mixtures. 

Carotenoids act as antioxidants in solution, mi- 
celles, and liposomes (Hill et al. 1995, Mortensen 
and Skibsted 1997, Mortensen et al. 1997, Woo- 
dall et al. 1997). The scavenging ability of the ca- 
rotenoids: (3-carotene, 8’-apo-(3-caroten-8’-al, can- 
thaxanthin, 7’-apo-7’,7’-dicyano-|3-carotene, ethyl 
8’-apo-|3-caroten-8’-oate, and 7,7’-diapo-7,7’-di- 
phenylcarotene towards radical HOO’ correlated 
with their redox properties (Polyakov et al. 2001). 

Adhatoda vesica ( Justicia adhatoda) leaf extract 
contains a number of different principles: alkaloids 
(vesicine, vesicinone, vesinol), essential oil (be- 
tane), vitamins (ascorbic acid, (3-carotene), a non- 
crystalline steroid (vasakin) and a mixture of fatty 
acids contributing to the observed medicinal effects 
of the plant. Singh et al. (2000) examined the mod- 
ulatory effect of the extract on the liver, lung, kid- 
ney and forestomach of 8 weeks old Swiss albino 
mice. Significant increase in the activities of acid 
soluble sulphydryl content, cytochrome P450, 
NADPH-cytochrome P450 reductase, cytochrome 
b 5 , NADPH-cytochrome b 5 reductase, glutathione S- 



transferase, DT-diaphorase, superoxide dismutase, 
catalase, glutathione peroxidase and glutathione re- 
ductase were observed in the liver. Adhatoda vesica 
acted as bifunctional inducer since it induced both 
phase I and phase II enzyme systems. Treated 
groups showed significant decrease in malondialde- 
hyde formation in liver, suggesting its role in pro- 
tection against prooxidant induced membrane 
damage. 

Coe et al. (2002) investigated the role of the anti- 
oxidant glutathione in the response of embryonic 
stem cells to oxidative stress. Embryonic stem cells 
express y-glutamylcysteine synthetase, a critical en- 
zyme in glutathione (GSH) biosynthesis. Treatment 
with the pro-oxidant menadione led to elevation of 
GSH, a strong apoptotic response and reduced clo- 
nogenic survival. Addition of D,L-buthionine-[S,R]- 
sulphoximine, a specific y-glutamylcysteine synthe- 
tase inhibitor depleted GSH pools and prevented 
the menadione-induced increase in GSH, sensitis- 
ing the cells to oxidative insult. 

The peroxiredoxins, a novel family of antioxi- 
dant proteins which catalyse the reduction of per- 
oxides using their conserved cysteine residues, can 
be divided into two subgroups, one containing a 
single conserved cysteine residue, and the other 
containing an additional conserved cysteine residue 
(Rhee et al. 1999). 1-cys-peroxiredoxin is abundant 
in the lung (Kim et al. 2002). While there was little 
change in 1-cys-peroxiredoxin expression during 
the prenatal period, a marked increase in expres- 
sion occurred immediately after birth. Enzymatic 
(peroxidase and phospholipase) activities increased 
gradually after birth and reached adult level at 7- 14 
postnatal days. Expression of the protein was in- 
duced in the presence of dexamethasone in cultures 
human and rat lung epithelial cells and also was up- 
regulated in neonatal rat lung in vivo. 

In COS-1 cell, flavonoids (onion extract and 
quercetin) increased the intracellular glutathione 
level by transactivation of the y-glutamylcysteine 
synthetase catalytical subunit promoter (Myhr- 
stad et al. 2002). 

Chalcones (l,3-diaryl-2-propen-l-ones) are fla- 
vonoids lacking a heterocyclic C ring. Also this cat- 
egory of flavonoids displays a broad spectrum of 
bioactivities such as anticancer, antifungal, antibac- 
terial, antiviral, and anti-inflammatory properties 
(Calliste et al. 2001). Dihydrochalcones, which do 
not have a -(3 double bond, comprise phloretin 
[|3-(4-hydroxyphenyl)-l -(2,4,6- 
trihydroxypropiophenone) and its glucoside, phlo- 
ridzin (phloretin 2- |3-D-glucose). Comparison with 
structurally related compounds revealed that the 
antioxidant pharmacophore of phloretin is 2,6- 
dihydroxyacetophenone (Rezk et al. 2002). The po- 
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tent activity of 2,6-dihydroxyacetophenone is due to 
stabilisation of its radical via tautomerisation. The 
antioxidant pharmacophore of the dihydrochalcone 
phloretin, i.e. the 2,6-dihydroxyacetophenone 
group, is different from the antioxidant pharmaco- 
phores previously reported in flavonoids. 

The anti-oxidant and pro-oxidant properties of 
tannic acid and its structural component gallic acid 
were compared by Khan et al. (2000). It was shown 
that tannic acid is the most efficient generator of 
the hydroxyl radical in the presence of Cu(II), as 
compared with gallic acid and its analogues sy- 
ringic acid and pyrogallol. On the other hand, tan- 
nic acid provided the maximum protection against 
cleavage of plasmid DNA, while gallic acid and its 
structural analogues were found to be non- 
inhibitory or partially inhibitory. Restriction analy- 
sis of treated phage DNA and thermal melting pro- 
files of calf thymus DNA indicated that tannic acid 
strongly binds to DNA. 

An aqueous extract from an infusion of Ilex pa- 
raguariensis (Aquifoliaceae) inhibited the enzy- 
matic and nonenzymatic lipid peroxidation in rat 
liver microsomes in a concentration-dependent 
fashion, with IC 50 values of 18 pg/ml and 28 pg/ml, 
respectively (Schinella et al. 2000). The extract 
also inhibited the H 2 0 2 -induced peroxidation of red 
blood cell membranes with an IC 50 of 100 pg/ml 
and exhibited radical scavenging properties toward 
0 2 ’~ (IC 50 = 15 pg/ml) and 2,2-diphenyl- 1-picrylhy- 
drazyl radical. In the range of concentrations used 
the extract was not a scavenger of HO’. 

Interplay between different protective mecha- 
nisms can occur. a-Tocopherol interacts with the 
activity of other antioxidants like GSH (Haenen 
and Bast 1983) and ascorbic acid (McCay 1985, 
Wijesundara and Berger 1994, Hamilton et al. 
2000). a-Tocopherol inhibited human glutathione 
S-transferase jt in a concentration-dependent man- 
ner, with an IC 50 value of 0.5 pM (Van Haaften et 
al. 2001). At a-tocopherol additions above 3 pM 
there was no glutathione S-transferase n activity 
left. 

Caffeic acid (3,4-dihydroxycinnamic acid) is a 
widespread phenolic acid with a well-known antioxi- 
dant activity (Nardini et al. 1995, Vieira et al. 1998). 
In human monocytic U937 cells it inhibited both 
ceramide-induced NF-y.B binding activity and apop- 
tosis at pmolar concentrations (Nardini et al. 2001). 
Other antioxidants were totally ineffective in inhibit- 
ing apoptosis, although affecting NF-xB activation. 
Caffeic acid was found to inhibit protein tyrosine ki- 
nase activity, suggesting that this mechanism can be 
on the basis of the inhibition of apoptosis. 

Apigenin, chrysin, and kaempferol strongly en- 
hanced the inhibition of inducible cyclooxygenase 



and inducible nitric oxide synthase promoter activ- 
ities in lipopolysaccharide-activated macrophages, 
which contain the peroxisome proliferator- 
activated receptor y expression plasmids (Liang et 
al. 2001). 

Comparison of the pK a values to the pH- 
dependent antioxidant profiles, determined by the 
Trolox equivalent antioxidant capacity, revealed 
that for various hydroxyflavones the pH-dependent 
behaviour is related to hydroxyl moiety deprotona- 
tion, resulting in an increase of the antioxidant po- 
tential upon formation of the deprotonated form 
(Lemanska et al. 2001). 

Ollila et al. (2002) studied the interaction be- 
tween flavonoids and membranes composed of di- 
palmitoylphosphatidylcholine by means of nonco- 
valent immobilized artificial membrane chroma- 
tography and flavonoid-induced calcein release 
from fluid egg phosphatidylcholine vesicles. Flavo- 
noids with more hydroxyl groups showed longer re- 
tention delays in the immobilized artificial mem- 
brane studies, suggesting stronger interactions be- 
tween the flavonoids, which are rich in hydroxyl 
groups, and the dipalmitoylphosphatidylcholine 
membrane interface. Both polar and nonpolar 
forces were shown to have a significant impact on 
the flavonoid-biomembrane interactions. 

Rosemary ( Rosmarinus officinalis) contains fla- 
vonoids, phenols, volatile oil and terpenoids. Topi- 
cal application of rosemary extract, carnosol or ur- 
solic acid to mouse skin inhibited the covalent bind- 
ing of benzo[a]pyrene to epidermal DNA (Huang 
et al. 1994), tumour initiation by 7,12-dimethylbenz 
[a] anthracene (Singletary and Nelshoppen 
1991), 12-0-tetradecanoylphorbol-13-acetate-induc- 
ed tumour promotion, ornithine decarboxylase (EC 
4.1.1.17) activity and inflammation. Carnosol 
showed potent antioxidative activity in a,a-diphe- 
nyl-|3-picrylhydrazyl free radicals scavenge and 
DNA protection from Fenton reaction (Lo et al. 
2002). 

The formation of flavonoid metal complexes in- 
creased the capacity of rutin and dihydroquercetin 
to protect peritoneal macrophages against chryso- 
tile asbestos-induced injury (Kostyuk et al. 2001). 
Metal complexes of all flavonoids were found to be 
considerably more potent than parent flavonoids in 
protecting red blood corpuscles against asbestos- 
induced injury. 

Hyperforin, a component of Hypericum perfora- 
tum L. (Saint John’s-wort) incubated with human 
coronary endothelial cells reduced the expression of 
endothelial leucocyte adhesion molecules ICAM-1 
(intercellular cell adhesion molecule-1, CD54) and 
VCAM-1 (vascular cell adhesion molecule- 1, 
CD 196), whereas the expression of E-selectin 
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(CD62E) was unchanged (Fitzl et al. 2002). Elec- 
tron microscopy showed slight ultrastructural 
changes of the endothelial cells, e.g., enhanced ve- 
siculation, disturbance of mitochondria, and 
stronger adhesion of the cells to the substrate. 

Dimerumic acid, isolated as the active compo- 
nent with a radical scavenging action from the 
mould Monascus anka, and traditionally used for 
the fermentation of foods, inhibited NADPH- and 
iron(II)-dependent lipid peroxidation of rat liver 
microsomes at 20 and 200 /tM, respectively (Taira 
et al. 2002). The antioxidant action of dimerumic 
acid is due to one electron donation of the hy- 
droxamic acid group in the dimerumic acid mole- 
cule toward oxidants resulting if formation of ni- 
troxide radical. 

The inhibition of lipid peroxidation by cinnari- 
zine seems to be independent of the oxidant system 
used to induce the peroxidation, as was verified 
when using xanthine oxidase and iron (Janero et 
al. 1988), as well as simple exposure to air (for rat 
liver homogenates; Fernandes et al. 1991), copper 
(for human plasma and erythrocytes; Fernandes 
et al. 1991) or H 2 0 2 (for human erythrocytes; Fer- 
nandes et al. 1991). 






OH 



4-Diphenylmethylpiperidine derivatives 



[75] 



6.2 

The L-Arginine-Nitric Oxide Pathway 

The demonstration of the synthesis of nitric oxide 
from the amino acid L-arginine by vascular endo- 
thelial cells has led to the elucidation of the impor- 
tance of the L-arginine-nitric oxide pathway as a 
regulator of cell function in a number of tissues 
(Moncada et al. 1989). The reaction involves a 5- 



electron oxidation of one of the chemically equiva- 
lent guanidino-nitrogens of L-arginine, leading to 
the concomitant production of L-citrulline and 'NO. 
It is accompanied by an NADPH-dependent reduc- 
tion of molecular oxygen (Mayer et al. 1991), 
which is incorporated into both reaction products 
(Kwon et al. 1990, Feone et al. 1991). 



L-Arginine-nitric oxide pathway 



nos +oy 

L-Arginine — *- Nitric oxide('NO) — *- Peroxynitrite (ONOCL) 

[46] 



L-Arginine + NADPH + H + + 0 2 

N0S - N“-hydroxy-L-arginine + NADP+ + H 2 0 [76] 



N“-Hydroxy-L-arginine + V 2 NADPH + V 2 H++0 2 

Citrulline + 'NO + V 2 NADPH + H 2 0 [77] 



NOS-positive neurones and activated neuroglial 
cells were the most prominent citrulline-positive 
structures (Keilhoff et al. 2000). Lack of 
citrulline-immunoreaction in neurones of nNOS 
knockout mice emphasised the dependency of cit- 
rulline positivity on NOS activity, and likewise 
there was no citrulline staining after application of 
the NOS inhibitors 7-nitroindazole and l-N 5 -(1- 
iminoethyl)lysine. The inhibition of argininosuc- 
cinate synthetase by a-methyl-DL-aspartate in- 
creased the number of citrulline-positive cells, ap- 
parently due to the reduction of the turnover rate of 
citrulline. Cells positive for NOS but negative for 
citrulline may indicate that the enzyme is either not 
activated or inhibited by cellular control mecha- 
nisms. The fact that not all citrulline-positive cells 
were NOS positive may be explained by an insuffi- 
cient detection sensitivity or by disparate sites of 
citrulline production and recycling. 

Using chemiluminescence resulting from the re- 
action of "NO and 0 3 , Maurer and Fung (2000) 
characterised enzyme activity for purified murine 
macrophage NOS II. They also estimated the inhibi- 
tory parameters for a series of competitive antago- 
nists and mechanism-based inactivators of NOS II. 
The estimated parameters were in agreement with 
those reported using other methods. 

The most promising of all methods proposed 
thus far for direct measurement of "NO appears to 
be the use of spin traps from stable paramagnetic 
adducts detectable by the electron paramagnetic 
resonance (EPR) method (Vanin 1999). Such traps 
were found to be complexes of bivalent iron with 
hydrophobic and hydrophilic derivatives of dithio- 
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carbamate, a representative of thiocarbonic acids. 
The possibility of such trap application for scaveng- 
ing and detecting 'NO in animal organisms was 
demonstrated for the first time by Vanin et al. 
(1984). 10 mg Sodium diethyldithiocarbamate 

(DETC) in 0.2 ml of saline injected intraperitone- 
ally into mice entered organ tissues, bound endoge- 
nous iron and formed NO traps, hydrophobic Fe 2+ - 
DETC which locates themselves in cell membranes. 

To a culture of NO-producing macrophages from 
murine bone marrow (5xl0 6 cells in 2 ml of cul- 
tural medium) superoxide dismutase (10 -6 M), Na- 
DETC (1 mg/ml) and FeS0 4 • 7 H 2 0 (10" 5 M) are 
added successively (Vanin et al. 1991, 1993). In 2 h, 
the cells harvested with the medium are centrifuged 
for 10 min at 1,500 xg, reconstituted in 0.3 ml of su- 
pernatant, and frozen in liquid nitrogen for the EPR 
analysis. The formed hydrophobic mononitrosyl 
iron complexes with DETC are located in membra- 
nous compartments of all cells. 

A magnetic resonance imaging (MRI) technique 
for non-invasive detection of stable NO-iron com- 
plexes, such as dinitrosyl-iron complex and 
mononitrosyl-iron-dithiocarbamate, is based on the 
electron spin resonance-enhanced nuclear Over- 
hausen effect of the paramagnetic species on proton 
magnetic relaxation (proton-electron double reso- 
nance imaging). Fichtlscherer et al. (1997) ana- 
lysed the contrasting effect of NO-iron complexes 
in conventional proton NMR imaging buffered so- 
lutions of mononitrosyl-iron-dithiocarbamate with 
proline- and N-methyl-D-gluconate-dithiocarba- 
mate as well as dinitrosyl-iron complex with L-cyste- 
ine, glutathione and bovine serum albumin for 
their effect on changes in T 4 (longitudinal) and T 2 
(transverse) proton relaxation using a 1.5 Tesla 
whole body NMR imager. All NO complexes exhib- 
ited contrast agent-like properties (decrease in T1 
and T2) most strongly the protein bound dinitro- 
syl-iron complex. 

Exposure of rat liver to sodium nitroprusside by 
ex vivo and in situ perfusion induced a composite 
X-band electron spin resonance spectrum of iso- 
lated liver characteristic of a mononitrosyl-iron 
complex and dinitrosyl-iron complex (Mulsch et 
al. 1999). On storage of the tissue, the mononitro- 
syl-iron complex signal disappeared and the 
dinitrosyl-iron complex signal intensity increased. 
Correspondingly, in cross-sectional proton-electron- 
double-resonance imaging images taken at room 
temperature, the nitroprusside-exposed livers ini- 
tially exhibited a weak signal that strongly in- 
creased with time. 

The aqueous-soluble complex of Fe and N-me- 
thyl-D-glucamine dithiocarbamate (MGD) formed 
MGD 2 -Fe-NO complex with a characteristic triplet 



EPR signal (a N 12.5 G and g iso = 2.04) at room tem- 
perature, in native isolated rat hearts following 
40 min global ischaemia and 15 min reperfusion 
(Komarov et al. 1997). Diethyldithiocarbamate 
(DETC) and Fe formed in ischaemic reperfused 
myocardium the lipophilic DETC 2 -Fe-NO complex 
exhibiting an EPR signal (G 2 = 2.04 and g n = 2.02 at 
77 K) with a triplet hyperfine structure at g 2 . 
Diethyldithiocarbamate-Fe-NO complexes detected 
by both trapping agents were abolished by the ‘NO 
synthase inhibitor, f/'-nitro-L-arginine methyl es- 
ter. Quantitatively, both trapping procedures pro- 
vided similar values for tissue ‘NO production, 
which were observed primarily during ischaemia. 

Although ‘NO rapidly reacts with molecular oxy- 
gen under air atmospheric conditions, thereby los- 
ing its biological functions, the lifetime of this gas- 
eous radical increases under physiologically low in- 
tracellular oxygen tensions (Inoue et al. 1999). Ki- 
netic analysis revealed that ‘NO enhanced the gen- 
eration of cyclic GMP and induced vasorelaxation 
of resistance arteries more potentially under physi- 
ologically low oxygen tensions than under hyper- 
baric conditions. ‘NO reversibly inhibited the respi- 
ration of isolated mitochondria, intact cells and Es- 
cherichia coli; The inhibitory effect was more 
marked under hypoxic conditions than under hy- 
perbaric conditions. Kinetic analysis revealed that 
‘NO has pivotal action to increase arterial supply of 
molecular oxygen for the generation of ATP in pe- 
ripheral tissues and to suppress energy production 
in mitochondria and cells in an oxygen dependent 
manner. These functions of ‘NO are enhanced by 
decreasing oxygen tension in situ and suppressed 
by locally generated superoxide radicals. 

6.2.1 

Nitric Oxide Synthase (NOS) 

Macrophages form nitric oxide by an enzyme in- 
ducible by cytokines as interferon-y (Tayeh and 
Marletta 1991), which is Ca 2+ -independent and 
requires NADPH and the monooxygenase cofactor 
tetrahydrobiopterin. Hepatocytes and macrophages 
express an identical cytokine- inducible nitric oxide 
synthase gene (Wood et al. 1993). Iron regulates 
nitric oxide synthase activity by controlling nuclear 
transcription (Weiss et al. 1994). Adams et al. 
(1994) found that endogenous nitric oxide produc- 
tion may be linked to 1,25-dihydroxy vitamin D 3 
synthesis in HD- 11 cells in vitro, indicating that 
macrophage NO-generating capacity could be func- 
tionally linked to endogenous synthesis of the ac- 
tive vitamin D metabolite. 

The nitric oxide synthases are single polypep- 
tides that encode a haeme domain, a calmodulin- 
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binding motif, and a flavoprotein domain with se- 
quence similarity to P450 reductase. Despite this 
simple structural similarity, the three major NOS 
isoforms differ significantly in their rates of ’NO 
synthesis, cytochrome c reduction, and NADPH 
utilisation and in the Ca 2+ dependence of the rates. 
The maximal rate of 'NO synthesis is determined by 
the maximum intrinsic ability of the reductase do- 
main to deliver electrons to the haeme domain (Ni- 
shida and Ortiz de Montellano 1998). The Ca 2+ 
independence of iNOS requires interactions of cal- 
modulin with both the calmodulin binding motif 
and the flavoprotein domain. The effects of tetrahy- 
drobiopterin and L-arginine on electron transfer 
rates are mediated exclusively by haeme domain in- 
teractions. Moali et al. (2001) recently illustrated 
the key role of tetrahydrobiopterin in the reaction 
mechanism and substrate selectivity. The equilib- 
rium dissociation constant ( K d ) for arginine is ap- 
proximately 0.5 uM for the tetrahydrobiopterin re- 
plete neuronal (nNOS) and inducible (iNOS) iso- 
forms of nitric oxide synthase, while the endothelial 
isoform (eNOS) has a slightly higher K d (1.5 pM) 
(Smith et al. 2001). N-OH-arginine (an intermedi- 
ate) binds to nNOS with a K d of around 0.2 tiM, 
while the inhibitors N-methyl-arginine and N- 
nitro-arginine bind more tightly. 

All isoenzymes use L-arginine as a substrate and 
all are inhibited by N“-monomethyl-L-arginine (l- 
NMMA) and AT'-nitro-L-arginine (l-NA). Types la, 
II, and III have been cloned by several laboratories, 
show about 50 to 60 % homology, and obviously 
represent separate gene products. Some isoforms 
may also present posttranslational modifications. It 
is also recognised that this classification given by 
Murad (1994) is probably incomplete, as addi- 
tional isoforms are expected from future purifica- 
tion, cloning and posttranslational modification ex- 
periments. 

Eight cDNA sequences have been reported deriv- 
ing from three known NOS genes in human, cow, 
rat and mouse (Nathan and Xie 1994). 

The inhibitory effect of aluminium on in vitro 
tetrahydrobiopterin synthesis in brain preparations 
may be due to competition with the magnesium re- 



quired to convert dihydroneopterin triphosphate to 
8-tetrahydrobiopterin (Ganrot 1986). 

Constitutive nitric oxide synthase (cNOS) has 
been localised in the hypothalamus, particularly in 
the supraoptic and paraventricular nuclei, and 
throughout the neurohypophysis (Bredt et al. 
1990, Vincent and Kimura 1992). cNOS-reactive 
cells are significantly more numerous in the supra- 
optic nucleus of female than of male Long-Evans 
rats (Wang and Morris 1996). While in normal os- 
motic conditions, only half of the cells showed NOS 
reactivity, in Brattleboro rats nearly all cells were 
NOS positive. NO synthase activity, reflected by the 
intensity of NADPH diaphorase staining, was hete- 
rogenously distributed in the supraoptic and para- 
ventricular nuclei and markedly increased and de- 
creased in this areas after water and food depriva- 
tion, respectively (Gundlach et al. 1993). In hypo- 
thalamic neuronal regeneration NO synthase ex- 
pression was increased (Wu and Scott 1993). 

In the rat anterior pituitary gland, nitric oxide syn- 
thase is present in gonadotrophs and in folliculo- 
stellate cells (Ceccatelli et al. 1993). Castration 
and ovariectomy, respectively, resulted in markedly 
increased nitric oxide synthase mRNA levels. In the 
male rat a small, but not significant, increase was 
seen 12 h after surgery, whereas at 3 h levels were 
still similar to sham-operated rats. After 24 h there 
was a > 3-fold increase in mRNA levels, and this re- 
mained elevated for 14 days, the longest period 
studied. Also in the female rats, there was a clear 
but less strong increase at 4 and 14 d after ovariec- 
tomy. Substitution treatment with testosterone or 
estrogen completely prevented these increases in 
male and female rats, respectively. 

In a model of idiopathic pneumonia syndrome 
after bone marrow transplantation, iNOS deletional 
mutant mice (-/-) given donor bone marrow and 
spleen T cells (BMS) exhibited improved survival 
compared with matched BMS controls (Yang et al. 
2001). Broncho alveolar lavage fluids obtained on 
day 7 post bone marrow transplantation from 
iNOS(-/-) BMS mice contained less tumour necro- 
sis factor-a and interferon-'/, indicating that ’NO 



Table 15. Isoforms of NO synthase 



Type 


Cosubstrates, cofactors 


Regulated by 


M, [kDa] 


la (soluble) 


NADPH, BH 4 , FAD/FMN 


Ca 2+ /calmodulin 


155 


lb (soluble) 


NADPH 


Ca 2+ /calmodulin 


135 


Ic (soluble) 


NADPH, BH 4 , FAD 


Ca 2+ (not calmodulin) 


150 


II (soluble) 


NADPH, BH 4 , FAD/FMN 


? 


125 


III (particulate) 


NADPH, BH 4 , FAD/FMN 


Ca 2+ /calmodulin 


135 


IV (particulate) 


NADPH 


? 


? 
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stimulated the production of proinflammatory cy- 
tokines. However, despite suppressed inflammation 
and decreased nitrotyrosine staining, iNOS(-/-) 
mice given both donor T cells and cyclophospha- 
mide died earlier than iNOS-sufficient BMS + cy- 
clophosphamide mice. Alveolar macrophages from 
iNOS(-/-) BMS + cyclophosphamide mice did not 
produce 'NO but persisted to generate strong oxi- 
dants as assessed by the oxidation of the intracellu- 
lar fluorescent probe 2’,7’-dichlorofluorescein. 

Endothelial nitric oxide synthase (eNOS, previ- 
ous alternative abbreviations: Type III NOS and 
NOS-3) is highly membrane-bound (Busconi and 
Michel 1993) and can be found in the Golgi appa- 
ratus (Sessa et al. 1995) and in small protein-rich 
invaginations of the plasmalemma called caveolae 
(Shaul et al. 1996). Within the caveolae of endothe- 
lial cells, eNOS is bound to a protein called 
caveolin- 1 - this interaction involves a conserved 20 
amino acid region within caveolin- 1 and a pro- 
posed caveolin-binding sequence in eNOS in the 
oxidative domain (Feron et al. 1996, Michel et al. 
1997). A microenvironment within caveolae might 
modulate eNOS activity by controlling the local 
concentration of cofactors and substrate. Addi- 
tional membrane binding interactions also exist. 
The presence of glycine as the second amino-acid 
residue found in eNOS, serves as an acceptor site 
for tetradecanoic acid (Ci 3 H 27 COOH) which is criti- 
cal for the binding of eNOS to the plasma mem- 
brane (Busconi and Michel 1993, 1994). Artificial 
site-directed mutagenesis of this residue converts 
eNOS from a membrane-bound to a cytosolic en- 
zyme (Busconi and Michel 1993). Palmitoylation 
(C 15 H 31 COOH) of eNOS at two cysteine residues 
near the N-terminus stabilises this membrane bind- 
ing (Robinson and Michel 1995, Robinson et al. 
1995). This dual acylation is unique among the NOS 
isoforms (Michel and Feron 1997). 

The presence of eNOS was detected in epithelial 
cells of mucosa and in endothelium of vascular tis- 
sues and myosalpinx during all studied days of the 
porcine oestrous cycle (Gawronska et al. 2000). 

One major difference between arteries and veins 
is the intensity of endogenous 'NO production in en- 
dothelial cells. Stimulation of venous endothelium 
results in a low production of 'NO as demonstrated 
by the weak endothelium-dependent vasorelaxation 
in veins of different species, including humans (De 
Mey and Vanhoutte 1982, Luscher et al. 1988, 
Kojda et al. 1994). The different intensity of endoge- 
nous "NO production by the vascular endothelium 
reduces the vasodilator potency of organic nitrates 
such as glyceryl trinitrate (Alheid et al. 1987, Mon- 
cada et al. 1991, Kojda et al. 1994). 'NO (3 pM, 30 
min) significantly impaired bioactivation of glyceryl 



trinitrate as indicated by a 30-50 % reduction in the 
accumulation of 1,2-glyceryl dinitrate and 1,3- glyc- 
eryl dinitrate, whereas unchanged glyceryl trinitrate 
was increased in rings of porcine coronary arteries 
(Kojda et al. 1998). 

Polymorphisms of the human endothelial nitric 
oxide synthase genes were demonstrated by Hingo- 
rani (1997) and Vallance and Hingorani 1999). 
The variable number tandem repeat polymorphism 
in intron 4 is bi-allelic with individuals having 4 or 
5 repeats of a 27-bp sequence element. The multial- 
lelic CA repeat polymorphism in intron 13 is highly 
polymorphic with allele sizes ranging from 18 to 36 
CA repeats. Thus far, only one genetic variant af- 
fecting the amino-acid sequence has been identi- 
fied. A G— »T substitution in exon 7 of the gene pre- 
dicts a glutamic acid (Glu) — > aspartic acid (Asp) 
substitution at residue 298 of the mature protein 
(Hingorani et al. 1995, Yasue et al. 1995). 

Endothelial nitric oxide synthase gene-deficient 
mice (eNOS-/-) demonstrated marked retardation 
in postnatal bone formation, reduced bone volume, 
and defects in osteoblast maturation and activity 
(Aguirre et al. 2001). 

In bovine aortic endothelial cells 16 h treatment 
with cyclosporine A induced a transcriptional me- 
diated increase of eNOS gene expression 
(Navarro-AntolIn et al. 2000). A 2 h treatment 
with cyclosporine A induced a dose-dependent in- 
crease in the intracellular formation of 'NO 
(Navarro-AntolIn et al. 2001). An elevation of the 
cyclosporine A-induced relative amounts of forma- 
tion of superoxide anion and 'NO provided data 
consistent with a role of 0 2 '“, and not 'NO, as the 
limiting factor in the intracellular formation of 
ONOO - in the vascular endothelial cells (Navarro- 
Antolin et al. 2002). 

Despite intracellular L-arginine concentration 
that should saturate eNOS nitric oxide production 
depends on extracellular L-arginine. Hardy and 
May (2002) addressed this ‘arginine paradox’ in bo- 
vine aortic endothelial cells by simultaneously com- 
paring the substrate dependence of L-arginine up- 
take and intracellular eNOS activity, the latter 
measured as l-[ 3 H] -arginine conversion to l-[ 3 H]- 
citrulline. Whereas K m of eNOS for L-arginine was 
2 pM in cell extracts, the L-arginine concentration 
of half-maximal eNOS stimulation was increased to 
29 jiM in intact cells. This increase likely reflected 
limitation by L-arginine uptake, which had a K m of 
108 pM. The effect of inhibitors of endothelial nitric 
oxide synthesis also suggested that extracellular l- 
arginine availability limits intracellular eNOS activ- 
ity. Treatment of intact cells with calcium iono- 
phore A23187 reduced the L-arginine concentration 
of half-maximal eNOS activity, which is consistent 
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with a measured increase in L-arginine uptake. In- 
creases in eNOS activity induced by several agents 
were closely correlated with enhanced L-arginine 
uptake into cells (r = 0.89). 

In rabbit pial arterioles, topical application of 
10 pM L-arginine, but not D-arginine or L-lysine, 
induced moderate vasodilatation of 4.0 ± 0.9 % (Ha- 
berl et al. 1991). When cumulative application of 
L-arginine (100 nM to 10 pM) was followed by addi- 
tion of 100 pM angiotensin [3-8] an angiotensin 
peptide fragment, potentiated dilation of 21.2 ± 
2.9 % was seen. Angiotensin [3-8] itself did not in- 
duce dilation. Methylene blue, a known inhibitor of 
endothelium-dependent responses, abolished the 
dilation to both L-arginine and L-arginine followed 
by angiotensin [3-8]. i^-monomethyl-L-arginine 
acetate (300 pM), an inhibitor of 'NO formation 
from L-arginine, did not block endothelium-depen- 
dent responses to acetylcholine and angiotensin II. 

Chen et al. (1996) demonstrated ecNOS in hu- 
man platelets. Tetramethylpyrazine concentration 
(50 and 200 pM)- and time (15 and 30 min)- 
dependently triggered ecNOS protein expression in 
human platelets (Sheu et al. 2000). 

In numerous inflammatory settings the capacity 
to express inducible nitric oxide synthase (iNOS, 
previous alternative abbreviations: Type II NOS, 
NOS-2, macNOS, and hepNOS) appears to signal 
predominantly deleterious effects. 

Human bronchial epithelial cells stimulated with 
50 ng/ml interleukin- 1 (3, tumour necrosis factor-a, 
and interferon-y express iNOS mRNA, protein and 
increased nitrite in the cell culture media, which 
was inhibited by the selective iNOS inhibitor 
1 400 W (Donnelly and Barnes 2002). Cells de- 
rived from patients with asthma produced less ni- 
trite than cells from normal subjects (6.59 ± 
0.99 pM nitrite, n = 15 versus 3.89 ±0.42 pM nitrite, 
n = 20; P <0.05). This was not attributed to steroid 
treatment of subjects with asthma because there 
was no difference in the amount of nitrite released 
from steroid-naive and steroid-treated cells 
(3.51 ±0.46 versus 4.27±0.7pM nitrite, n = 10). 
Neither dexamethasone nor budesonide inhibited 
iNOS mRNA induction, protein expression, or ni- 
trite accumulation. The cells were not steroid insen- 
sitive because steroid inhibited GM-CSF release. 

Intratracheal instillation of crocidolite asbestos 
fibres resulted in an increased iNOS mRNA and 
protein expression in the lungs from wild-type mice 
(Dorger et al. 2002). In contrast, iNOS knockout 
mice displayed an attenuated oxidant-related tissue 
injury reflected in a decrease in protein leakage and 
lactate dehydrogenase release into the alveolar 
space as well as weaker nitrotyrosine staining of 
lung tissue compared to wild-type mice. 



Incubation of rat mesangial cells with chemically 
modified tetracyclines resulted in a time- and dose- 
dependent inhibition of NO production that was 
maximal at 48 h (<20% of control) and at a drug 
concentration of 5 pg/ml ( P <0.05) associated with 
parallel alterations in steady-state iNOS mRNA 
abundance and protein expression (Trachtman et 
al. 1996). 

Inflamed mucosa biopsies from patients with ul- 
cerative colitis and Crohn’s disease showed strong 
expression of iNOS in the epithelial cells (Dijkstra 
et al. 1998). The distribution was focal, with more 
intense staining at the apical sites of the crypts. Un- 
inflamed mucosa of two ulcerative colitis and four 
Crohn’s disease patients showed no iNOS expres- 
sion. 

Pentoxifylline potentiated ‘NO production and 
the expression of iNOS in porcine hepatocytes after 
stimulation with lipopolysaccharide (Hoebe et al. 
2001). 

12-O-Tetradecanoylphorbol- 13-acetate synergis- 
tically increased interferon regulatory factor- 1 and 
iNOS induction in interferon-y-treated RAW 264.7 
cells (Momose et al. 2000). 

In stimulated macrophages, arginase (EC 3.5.3. 1) 
and nitric oxide synthase compete for their com- 
mon substrate, L-arginine. N :) -Hydroxy-nor-L- 
arginine as a selective arginase inhibitor was about 
40-fold more potent than N'-hydroxy-L-arginine, 
an intermediate in the L-arginine/NO pathway, to 
inhibit the hydrolysis of L-arginine to L-ornithine 
catalysed by unstimulated murine macrophages 
(IC 50 values 12 ±5 and 400 ± 50 uM, respectively; 
Tenu et al. 1999). Stimulation of murine macro- 
phages with interferon-y and lipopolysaccharide re- 
sulted in clear expression of iNOS and an increase 
in arginase activity. W- Hydroxy- nor- L-arginine 
was also a potent inhibitor of arginase in inter- 
feron-y + lipopolysaccharide-stimulated macro- 
phages (IC 50 values 10 ±3 pM], In contrast to N“- 
hydroxy-L-arginine, W’-hydroxy-nor- L-arginine is 
neither a substrate nor an inhibitor of iNOS. 

In cultures of purified microglial cells and astro- 
cytes from newborn rats, the immunocytochemical 
localisation of iNOS and the release of 'NO showed 
that microglia were primarily responsible for ‘NO 
production upon endotoxin stimulation (Vincent 
et al. 1996). In a discussion of mechanisms of 'NO 
genotoxicity, Laval et al. (1997) concluded that ge- 
notoxicity either by direct chemical alterations of 
DNA or interference with the repair system would 
be from an iNOS source. 

There was significantly increased activity of both 
total NOS ( P <0.04) and iNOS ( P <0.05) in chronic 
venous ulcer tissue compared with normal skin, 
and significantly increased activity of arginase (P 
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<0.01) in chronic venous ulcer tissue in compari- 
son with normal skin (Abd-El-Aleem et al. 2000). 

Isoform-specific effects on NOS-catalysed l- 
citrullin formation was found by Schrammel et al. 
(1998). Salt inhibited iNOS monotonously, whereas 
nNOS and eNOS were stimulated up to 3-fold at 
low, and inhibited at high (>0.1-0.2M) salt con- 
centrations. The effectiveness of different ions 
mostly followed the Hofmeister series, indicating 
that the effects can for a large part be ascribed to 
changes in protein solvation. K m (Arg) increased in 
the presence of NaCl, demonstrating the impor- 
tance of charge interactions for substrate binding. 
The coupling of NADPH oxidation to NO produc- 
tion was not affected by KC1. Salts (<1M) had no 
major impact on the tertiary and quaternary struc- 
ture, or on the state of the heme. 

Romagnani et al. (1999) assessed the expression 
of iNOS mRNA and protein in the kidneys of pat- 
ents with graft failure due to chronic rejection. In 
chronic allograft nephropathy, iNOS protein was lo- 
calised not only in inflammatory cells, but also in 
vascular, glomerular, and, more rarely, tubular 
structures. 

In Japanese encephalitis virus infection of inbred 
Swiss mice, NOS activity and particularly that of 
iNOS was significantly enhanced (Saxena et al. 
2001). The response was sensitive to anti- 
macrophage-derived factor antibody treatment and 
N^monomethyl-L-arginine. 

Both iNOS and nitrotyrosine, a marker of per- 
oxynitrite formation, were localised in rat skeletal 
muscle after a period of 2 h warm ischaemia and re- 
perfusion exclusively to mast cells except after 24 h 
reperfusion when some macrophages and neutro- 
phils also showed positive immunoreactivity (Mes- 
sina et al. 2000). 

Neuronal nitric oxide synthase (nNOS, previous 
alternative abbreviations: Type I NOS, NOS-1, and 
bNOS) does not produce nitric oxide unless high 
concentrations of superoxide dismutase are added, 
suggesting that nitroxyl (NO") or a related molecule 
is the principal reaction product of NOS, which is 
superoxide dismutase-dependently converted to 
’NO (Murphy and Sies 1991). However, Komarov 
et al. (2000) found identical N-methyl- D-gucamine 
dithiocarbamate-Fe-NO complexes both from S- 
nitroso-N- acetyl- penicillamine and Angeli’s salt but 
not from nitrite. Moreover, the yield of N-methyl-D- 
gucamine dithiocarbamate-Fe-NO complex from 
Angeli’s salt was stoichiometric even in the absence 
for superoxide dismutase. 

nNOS is anchored to receptor complexes 
through protein-protein interactions. It must be lo- 
cated in close proximity to the synaptic membrane. 
So 'NO can be efficiently produced, released, and 



bound to the postsynaptic target cells to elicit a par- 
ticular response. nNOs is targeted to the synaptic 
membrane by binding PDZ containing proteins 
such as synthrophin, PSD-95"SAP90, or PSD-93 
(Brenman et al. 1996). This association, which 
brings nNOS and N-methyl D-aspartate receptors 
together, is proposed to be the reason why calcium 
influx following glutamate activation of the N- 
methyl D-aspartate receptor leads to rapid nNOS 
activation. Additionally, N-methyl D-aspartate re- 
ceptor mediated neurotoxicity, neurotransmitter re- 
lease, and cAMP elevation all require nNOS activity 
as these actions are blocked by nNOS-specific in- 
hibitors, demonstrating the importance of nNOS 
for proper N-methyl D-aspartate functioning (Daw- 
son and Dawson 1996). Jaffrey et al. (1998) iden- 
tified a nNOS protein interactor called CAPON 
(carboxy terminal PDZ ligand of nNOS), which is a 
soluble cytoplasmic protein competing with PSD- 
95"SAP90, and PSD-93 for nNOS binding indicating 
this protein may participate in the translocation of 
nNOS and may impede the activation of the nNOS 
enzyme, blocking ’NO production. CAPON is very 
selective for nNOS, a contrast from other nNOS 
binding proteins such as PSD-95"SAP90 and cal- 
modulin, which bind to other proteins. 

In the rat subiculum ultrastructural criteria sug- 
gest that both pyramidal and nonpyramidal neu- 
rons are immunopositive for nNOS (Lin and Tot- 
TERDELL 1998). 

Performing immunoblot analysis and quantifica- 
tion of formazan produced by its specific NADPH 
diaphorase activity, Planitzer et al. (2001) found 
nNOS to be enriched in rat skeletal muscles with a 
high proportion of fast-switch myofibres. The NO 
donors l-hydroxy-2-oxo-3-(N-methyl-6-aminohex- 
yl)-3-methyl-l-triazene (NOC-9) and S-nitroso-N- 
acetyl-D, L-penicillamine both reduced cytochrome 
oxidase activity in all myofibres. 

Protein kinase B has been demonstrated to be in- 
volved in the regulation of NOS3 activity (Dimme- 
ler et al. 1999, Fulton et al. 1999, Gallis et al. 
1999). Protein kinase B is a serine/threonine kinase 
that is itself activated by two distinct phosphoryla- 
tion events, that probably both involve the PH 
domain-containing kinase phosphatidylinositol 
(3,4,5)P 3 -dependent protein kinase-1, which is up- 
stream of protein kinase B. 

A NOS variant localised in rat brain mitochon- 
dria (mtNOS) was detected in synaptosomes (Ri- 
obo et al. 2000). This 144 kDa protein was present 
only in purified mitochondria. It was not recog- 
nised either by antibodies against the N-terminal 
(1-181) region of NOS I or against the other NOS 
isoforms. The K m for L-arginine of the mtNOS vari- 
ant was higher that that for cytosolic NOS I 
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(12.7 pM vs. 2.0 pM). The activity was dependent 
on Ca/CaM, NADPH and BH4 and inhibited by N°- 
nitro-L-arginine, coincubation with an anti NOS I 
antibody or proteinase K treatment. 

mtNOS in freshly isolated mitochondria was 
continuously active (Ghafourifar and Richter 
1997). Upon exposure to respiratory substrates and 
Ca 2+ mitochondria formed peroxynitrite in addi- 
tion to ‘NO (Ghafourifar et al. 1999). Intramito- 
chondrially formed ONOO“ stimulated the specific, 
NAD + -linked Ca 2+ release from mitochondria 
(Bringold et al. 2000). 

Liver submitochondrial particles supplemented 
with 0.25-2 pM ONOO“ showed a 0 2 ‘" production 
that indicated ubiquinone formation and autooxi- 
dation (Valdez et al. 2000). The nitration of mito- 
chondrial proteins produced after addition of 
200 pM ONOO" was observed by Western blot anal- 
ysis. Protein nitration was prevented by the addi- 
tion of 50-200 pM ublquinol-0 or reduced glutathi- 
one (GSH). An intramitochondrial steady state con- 
centration of about 2 nM ONOO" was calculated, 
taking into account the rate constants and concen- 
trations of ONOO" coreactants. 

The catalytic efficiency of purified recombinant 
neuronal and macrophage nitric oxide synthases 
markedly decreased in the order 

arginine > W“-hydroxy-L-arginine > homo-L-arginine > homo- 

A/ <u -hyd roxy-L-a rgi n i n e, 

as shown by the 20- and 10-fold decrease of k c JK m 
observed for NOS I and NOS II, respectively, when 
comparing arginine to h o m o - iV-hy rd oxy- l - a rg i n i n e 
(Moali et al. 1998). The greater loss of catalytic ef- 
ficiency for homo-L-arginine, when compared to 
that for arginine appears to occur at the first step 
(N-hydroxylation) of the reaction. 

The equilibrium between inactive and active 
NOS is differentially regulated at the posttransla- 
tional level to give rise to the low and high output 
pathways (Nathan and Xie 1994). 

Activation of neuronal NOS following Ca 2+ entry 
through the N-methyl-D-aspartate receptor has 
been implicated in excitotoxicity to cortical neuro- 
nal cultures (Dawson et al. 1991) and in ischaemia 
due to middle cerebral artery occlusion in mice 
(Huang et al. 1994). Peroxynitrite may be the pos- 
sible terminal cytotoxic mediator. Some neurones, 
especially cortical neurones expressing high levels 
of neuronal NOS, seem to be resistant to 'NO toxic- 
ity (Koh et al. 1986, Koh and Choi 1988), but may 
kill neighbouring neurones because of their Ca 2+ - 
induced ‘NO production (Dawson et al. 1993). In 
cerebellar granule cells, elevated [Ca 2+ ]i caused both 
NOS activation and cytotoxicity. However, in cere- 



bellar granule cells, glutamate-triggered, Ca 2+ - 
mediated cell death is independent of endogenous 
‘NO production (Lafon-Cazal et al. 1993). Expo- 
sure to ‘NO donors stimulated the N-methyl-D- 
aspartate receptors, probably because NO-related 
species stimulate the release of endogenous ago- 
nists (Leist et al. 1997). This sort of autocrine stim- 
ulation eventually causes apoptosis (Bonfoco et al. 
1996). 

Calmodulin plays a critical role in activating 
NOS, because its bonding triggers electron transfer 
to the heme (Abu-Soud et al. 1994). The NOSs dis- 
play different affinities toward calmodulin with the 
general order being iNOS >> eNOS > nNOS. Ac- 
cording to Mayer (2000) enzymatic formation of 
superoxide/hydrogen peroxide is a general feature 
of NOS and reduced oxygen species are certainly 
not ‘non-specific by-products’ of the reaction, as 
suggested by Xu (2000). Both 5-ethoxycarbonyl-5- 
methyl-l-pyrroline N-oxide (EMPO) and 5- 
diethoyphosphoryl-5-methyl-l-pyrroline N-oxide 
(DEPMPO) reacted with superoxide generated from 
eNOS to yield more persistent superoxide adducts 
than 5,5-dimethyl- 1-pyrroline N-oxide (DMPO) as 
demonstrated by the higher signal-to-noise ratio of 
the electron paramagnetic resonance spectra at the 
same rate of superoxide formation (Vasquez- 
Vivar and Kalyanaraman 2000). Superoxide was 
only marginally detected with resting enzyme and 
was abolished by the addition of superoxide dismu- 
tase. 

Melatonin, a pineal indole hormone inhibited rat 
cerebellar nitric oxide synthase activity (Pozo et al. 
1994). A significant inhibition of enzyme activity 
(> 22 %) was observed at 1 mM melatonin, which is 
in the range of the physiological serum concentra- 
tion of the hormone at night. The inhibitory effect 
of melatonin was observed exclusively in the pres- 
ence of Ca 2+ . The melatonin-induced suppression of 
NOS activity is believed to be a consequence of the 
binding of calmodulin by melatonin (Pozo et al. 
1997, Anton-Tay et al. 1998). With a drop of ‘NO 
synthesis, the formation of ONOO" is curtailed, and 
the potential oxidative damage resulting from 
ONOO" is averted (Pryor and Squadrito 1995). In 
the rat hypothalamus, melatonin reduced NOS ac- 
tivity (Bettahi et al. 1996). Whether melatonin re- 
duces NOS activity in all tissues containing this en- 
zyme is unknown. 

Muramyldipeptide and granulocyte-macrophage 
colony-stimulating factor enhanced interferon-y- 
induced nitric oxide production by rat alveolar 
macrophages (Jorens et al. 1993). 

Relaxin increased the expression of eNOS in 
mouse uterine surface epithelium, glands, endome- 
trial stromal cells, and myometrium, leaving iNOS 
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expression unaffected (Bani et al. 1999). Moreover, 
relaxin inhibited myometrial contractility, and this 
effect was blunted by nitro-L-arginine, thus indicat- 
ing that the L-arginine-NO pathway is involved in 
the relaxant action of relaxin on the myometrium. 

Autoinhibition of neuronal nitric oxide syn- 
thase. With the use of purified NOS-1, L-arginine 
turnover initially operated at V max (0-15 min, 
phase I), although despite the presence of excess 
substrate and cofactors, prolonged catalysis 
(15-90 min, phase II) was associated with a rapid 
decline in L-arginine turnover (Kotsonis et al. 
1999). Tsikas et al. (2000) presented evidence for 
the hypothesis that the endogenous NOS inhibitors 
methylarginines, asymmetric dimethylarginine be- 
ing the most powerful (IC 50 1.5 |iM), are responsible 
for the L-arginine paradox. 

In Sprague-Dawley rats, asymmetric dimethylar- 
ginine decreased mean arterial blood pressure and 
heart rate simultaneously. Intracerebroventricular 
injection of both W'-nitro-L-arginine methylester 
and asymmetric dimethylarginine significantly in- 
hibited the baroreflex function, indicating a regula- 
tory role of central nitric oxide in controlling baro- 
reflex function (Jin and D’Alecy 1996). In contrast 
to the central effect, intravenous injection of asym- 
metric dimethylarginine caused dose-dependent in- 
creases in mean arterial blood pressure that could 
be blocked by W’-nitro-L-arginine methylester pre- 
treatment. 

6.2.1. 1 

Nitric Oxide Synthase Inhibitors 

Hypoxia (0.2 % 0 2 , 6.2 % C0 2 ) inhibited the pro- 
duction of "NO but did not affect the transcription 
of iNOS mRNA in rat smooth muscle cells treated 
with IFN-y, lipopolysaccharide, or both (Hong et 
al. 2000). 

Geldanamycin and 17-allylamino-17-demetho- 
xygeldanamycin both dose-dependently reduced 
nitrite accumulation, iNOS steady-state mRNA lev- 
els, and the cytokine-dependent activation of a rat 
2.2-kB iNOS promoter construct stability expressed 
in rat glioma C6 cells (Murphy et al. 2002). 

The critical role played by the L-arginine/'NO 
pathway and the three major isoforms of NOS in 
regulating physiological and pathophysiological 
processes has induced significant efforts to develop 
isoform-selective NOS inhibitors. 

6.2.1. 1.1 

Substrate Analogues 

Parkinson (2000) reviewed the L-arginine-based 
substrate analogues, the most commonly used of 



which are N' -methyl-L-arginine and N°-nitro- l- 
arginine. Modification of the guanido (but not the 
N a ) terminal of L-arginine appears to be a pre- 
requisite for prevention of endothelium dependent 
relaxation since AT-monocarbobenzoxy-L-arginine 
was inactive whilst insertion of either a nitro (as in 
A^'-nitro- L-arginine) or a methyl group (as in bf'- 
methyl-L-arginine) into the guanido terminus of l- 
arginine produces potent inhibitors (Moore et al. 
1990). However, the natue of the chemical substitu- 
tion in the region of the molecule is important since 
the introduction of an W'-tosyl moiety dis not pro- 
duce an effective inhibitor. Bulky substitutes on the 
N" region results in weak, non-specific inhibitors of 
endothelium-dependent relaxation, while addition 
of an a-methyl group to the carboxyl moiety of l- 
arginine does not impair the metabolism of l- 
arginine. 




h 2 n 

AF-Tosylarginine [78] 

A naturally occurring compound, asymmetric N"‘- 
AT-dimethyl-L-arginine (l-ADMA), has been sug- 
gested as an inhibitor of the inducible isoform of 
nitric oxide synthase (Vallance et al. 1992) in- 
creasing blood pressure after intravenous injection 
(Calver et al. 1993). ADMA concentration is in- 
creased in certain diseases including renal failure 
(Vallance et al. 1992), muscle dystrophy (Inoue et 
al. 1979, Lou 1979), hypercholesterolaemia (Yu et 
al. 1994), and pregnancy with preeclampsia (Fick- 
ling et al. 1993). ADMA concentration in urine was 
increased in premature infants, in whom it is 
closely related to protein breakdown and was not 
related to dietary intake of arginine (Yudkoff et al. 
1984). In vitro ADMA (10 _4 M) in phenylephrine- 
preconditioned rat aortic rings significantly in- 
creased the concentration of acetylcholine for the 
threshold response (EC 15 ) and half-maximum re- 
sponse (EC 50 ), indicating that ADMA inhibited the 
constitutive isoform of nitric oxide synthase in the 
endothelium (Jin and D’Alecy 1996). 

N-Iminoethyl-L-ornithine (100 uM) significantly 
( P <0.05) decreased the capillary-like tube net- 
works formed by human umbilical vein endothelial 
cells cultured on reconstituted basement membrane 
matrix Matrigel thus antagonising treatment with 
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the NO donor, S-nitroso-N-acetylpenicillamine 
(100 pM) which significantly (P <0.05) increased 
the capillary network area (Lee et al. 2000). 

L-Canavanine, H 2 N - C(NH) -NH - O - (CH 2 ) 2 - CH 
(NH 2 )-COOH, is an antimetabolite of arginine 
(Walker 1955). 

7-Nitroindazole is a selective inhibitor of nNOS, 
roughly equipotent to other NOS inhibitors 
(Moore et al. 1993). A comparison of studies shows 
that 7-nitroindazole given systemically or via the 
dialysis probe (Babbedge et al. 1993, Moore et al. 
1993, Desvignes 1999) shows a similar relationship 
to that seen with A^-nitro-L-arginine (Salter et al. 
1996). 7-Nitroindazole increased extracellular do- 
pamine levels when administered alone and re- 
versed the effects of N-methyl-o-aspartate in the 
frontal cortex and raphe nuclei of the freely moving 
rat (Smith and Whitton 2001). 

7-Nitroindazole and 3-bromo-7-nitro indazole 
reduced the EEG power density in all frequency 
bands in the rat (Dzoljic et al. 1997). This effect of 
7-nitroindazole was more prominent during the day 
than during the night, indicating a circadian varia- 
tion in the NOS response to NOS inhibitors. 

6.2.1 .1.2 

Heme Ligands 

The presence of heme in the NOS active site and the 
critical function of heme in NOS catalysis led to the 
discovery and characterisation of heme-binding 
compounds as NOS inhibitors. Imidazole and 
imidazole-containing compounds are known inhib- 
itors of heme-containing enzymes, particularly P 450 
(Cole and Robinson 1990). 

6. 2. 1.1.3 

Pterin Antagonists 

On account of the requirement of NOS for tetrahy- 
drobiopterin, two general approaches toward a 
modulation of NOS activity seem feasible, manipu- 
lation of intracellular tetrahydrobiopterin levels and 
pterin-binding site antagonists. However, recombi- 
nant tetrahydrobiopterin-free NOS II catalysed the 
oxidation of four N - hy d roxyg u a n i d i n e s tested by 
NADPH and 0 2 , with formation of N0 2 “ and N0 3 " at 
rates between 20 and 80 nmol min' 1 (mg of 
protein)" 1 (Moali et al. 2001). In the case of N-{ 4- 
chlorophenyl)-AP-hydroxyguanidine, formation of 
the corresponding urea and cyanamide was also de- 
tected besides that of N0 2 " and N0 3 ". These 
tetrahydrobiopterin-free NOS II-dependent reac- 
tions were inhibited by modulators of electron 
transfer in NOS such as thiocitrulline or imidazole, 



but not by L-arginine, and were completely sup- 
pressed by superoxide dismutase. 

2,4-Diamino-6-hydroxypyrimidine, 6R-5, 6,7,8- 
tetrahydro-L-biopterin and L-sepiapterin were po- 
tent inhibitors of the recombinant interferon-y- 
induced production of nitrogen oxides in intact cul- 
tured rat alveolar macrophages with I 50 values for 
6R-5,6,7,8-tetrahydro-L-biopterin and L-sepiapterin 
of approximately 10 pM (Jorens et al. 1992). 

4-Amino-tetrahydrobiopteridin is a potent 
pterin antagonist of nitric oxide synthases. The es- 
sential pterin requirement for de novo synthesis of 
functionally intact iNOS renders it possible that this 
drug exhibits selectivity towads the inducible iso- 
form of NOS in vivo (Pitters et al. 1997). 

2-Thiouracil is a selective inhibitor of nNOS an- 
tagonising tetrahydropteridin-dependent enzyme 
activation and dimerisation (Palumbo et al. 2000). 
It caused a 60 % inhibition of H 2 0 2 production in 
the absence of L-arginine and tetrahydropteridin, 
and antagonised tetrahydropteridin-induced dime- 
risation of nNOS, but did not affect cytochrome c 
reduction. 

Cloricromene (2, 20 or 200 pM) inhibited the ex- 
pression but not the activity of the inducible form 
of nitric oxide synthase in lipopolysaccharide 
(100 ng/ml)-stimulated murine J774 macrophages 
in a concentration-dependent manner (Zingarelli 
et al. 1993). Maximal inhibition (84.0 ±8.0%) was 
observed when cloricromene (200 pM) was added 
to the cells 6 h before lipopolysaccharide, whereas it 
was ineffective when given 6 h after endotoxin. 

Subcutaneous application of Fe-citrate (Fe doses 
of 120 and 240 pM/kg mouse) inhibited iNOS ex- 
pression after a simultaneous intravenous injection 
of 6 mg Escherichia coli lipopolysaccharide per 
mouse (Komarov et al. 1998), while exogenous iron 
did not affect systemic NO levels when given at 6 h 
after LPS injection, i.e. after iNOS expression (Ko- 
marov et al. 1997). In exercised (after a training 
period of 30 and 60 min, swimming for 120 min per 
day for 3, 6, and 12 months, respectively) rats, 
plasma nitric oxide and iron concentrations were 
negatively correlated (Xiao and Qian 2000). 

Chloroquine markedly reduced nitric oxide pro- 
duction from stimulated murine (C57BL/6) perito- 
neal macrophages in a dose-dependent manner and 
induction of iNOS mRNA was also suppressed by 
chloroquine pre-treatment (Park et al. 1999). 

Nitric oxide production was inhibited by 39 and 
54 % in brain submitochondrial particles from hal- 
operidol (1 mg/kg)-treated mice (single- and 
double-dose treatments, respectively) (Arnaiz et al. 
1999). Haloperidol neurotoxicity might be medi- 
ated by a decreased mitochondrial "NO production, 
a decreased intramitochondrial "NO steady-state 
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concentration, and by an inhibition of mitochon- 
drial electron transfer with enhancement of 0 2 '“ 
and H 2 0 2 production. This inhibition does not 
seem to be caused by increased ’NO or ONOCT for- 
mation. 

Troglitazone, a thiazolidine derivative, inhibited 
the expression of iNOS in adipocytes in 3T3-L1 
cells and in Otsuka Long-Evans Tokushima Fatty 
rats (Dobashi et al. 2000). 

The anticonvulsant zonisamide (50 mg/kg, i.p.) 
reduced NOS activity, accelerated by N-methyl-D- 
aspartate (30 mg/kg, i.p.) with/without L-buthioni- 
ne-[S,R]-sulfoxime (150 mg/kg, i.p.) treatment, to 
the control levels in the rat hippocampus (Noda et 
al. 1999). 

C 3 -tris-malonyl-C 60 -fullerene and D 3 -tris-malon- 
yl-C 60 -fullerene derivatives inhibited citrulline and 
‘NO formation by all three NOS isoforms (Wolff et 
al. 2000). 

Lipoprotein(a) oxidised by hypochlorite de- 
creased iNOS mRNA synthesis in lipopolysaccha- 
ride/interferon stimulated mouse macrophages 
(J774A.1) as shown by reverse transcription- 
polymerase chain reaction (Moeslinger et al. 
2000). 

6.2.2 

Activation of Guanylate Cyclase by Nitric Oxide 

Bovine lung soluble guanylate cyclase (EC 4.6. 1.2) 
contains a pentacoordinated high-spin ferrous 
haeme with histidine as the proximal ligand (Stone 
and Marletta 1994). Unlike most other haemop- 
roteins (e.g. haemoglobin and myoglobin) it does 
not bind oxygen to the sixth coordination position 
of the haeme. This highly unusual feature enables 
the enzyme to be stimulated by binding NO under 
aerobic conditions. The formation of a pentacoor- 
dinated ferrous-nitrosyl-haeme complex supports 
the hypothesis that the bound of the proximal histi- 
dine ligand to the iron is broken upon binding of 
NO to the haeme (Traylor and Sharma 1992). 

Nitric oxide production, first associated with 
vascular endothelium (Radi et al. 1992) and now 
linked with a multitude of cell types (Moncada 
and Higgs 1991), activates cell cyclic guanosine 
monophosphate (cGMP) synthesis by inducing a 
structural change in guanylate cyclase (Ignarro 
1992). This occurs via incompletely understood re- 
actions with enzyme thiol or heme-iron moieties 
and is catalysed not only by ‘NO, but also by HO* 
(Mittal and Murad 1977), thiol-reactive agents 
(Wu et al. 1992), and other oxidant states of ‘NO 
(Fukuto et al. 1992). Denninger and Marletta 
(1999) reviewed the role of soluble guanylate cy- 
clase in signalling, its relationship to the other nu- 



cleotide cyclases, and on what is known about solu- 
ble guanylate cyclase genetics, heme environment 
and catalysis. 

‘NO has been shown to open potassium channels 
through a cGMP-dependent protein kinase (Ar- 
cher et al. 1994). Opening of potassium channels 
seems to be involved in the hyporesponsiveness to 
vasoconstrictors in isolated rat aorta obtained from 
endotoxaemic animals (Chen et al. 1999). Incuba- 
tion with nitric oxide donors (3-300 pM sodium 
nitroprusside or 70-200 pM S-nitroso-acetyl-D, l- 
penicillamine) reproduces the hyporesponsiveness 
to phenylephrine (Terluk et al. 2000). ‘NO alone 
accounts for most, if not all, the refractoriness to 
vasoconstrictors present in septic shock. Soluble 
guanylate cyclase activation and opening of potas- 
sium channels, more specifically the calcium- 
activated subtype, play a predominant role in this 
NO-induced hyporesponsiveness to phenylephrine 
in the rat aorta. 

‘NO, through generation of cyclic GMP and acti- 
vation of G kinase, modifies profoundly 17(3- 
cestradiol early signalling and contributes to regu- 
late long-term actions of the steroid (Falcone et al. 
2002). 

Deactivation is an essential process in the con- 
trol of local levels of cGMP (Waldman and Murad 
1987). Stone and Marletta (1995) have suggested 
that simple dissociation of NO from soluble guanyl- 
ate cyclase could be the deactivation mechanism. 
Deactivation occurs within seconds to minutes 
(Palmer et al. 1987), with half-lives for NO dissoci- 
ation from five-co-ordinate NO-hemes, as it is 
found in NO-activated soluble guanylate cyclase, 
are generally found to be in the range of 12-12,000 
min (Traylor and Sharma 1992). Since the oxida- 
tion state of thiols (Brandwein et al. 1981, 
Braughler 1982), the Fe atom in the heme (Burs- 
tyn et al. 1995), and NO (Dierks and Burstyn 
1996) are important in soluble guanylate cyclase 
function, redox potentiation seems a reasonable 
path for enzyme deactivation. Dierks and Burs- 
tyn (1998) found deactivation of soluble guanylate 
cyclase from bovine lung by air occurring slowly, 
while deactivation by ferricyanide was faster and 
methylene blue fastest. The mechanism of deactiva- 
tion of soluble guanylate cyclase by dioxygen in the 
air id straightforward: the heme is oxidised to Fe(I- 
II)heme and nitrate is formed. This reaction is sim- 
ilar to that of dioxygen with NOHb and NOMb as 
occurs in cured meats. Methylene blue and ferricya- 
nide deactivate soluble guanylate cyclase by a dif- 
ferent, as yet undetermined mechanism. 

The ability of some non-biological substances 
and in particular methylene blue (formula [79]) to 
act as electron carrier in a way similar to that of the 
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coenzymes incited Pullman and Pullman (1959) 
to calculate energies of molecular orbitals for this 
compound. The relative small absolute value of the 
coefficient of the energy of the lowest empty molec- 
ular electronic orbital in oxidized methylene blue 
(MeB + ), which is of the same order of magnitude as 
that of oxidizes diphosphopyridine nucleotide or 
oxidized flavin mononucleotide, indicates high 
electroaffinity and accounts thus for the well- 
known electron-acceptor properties of this sub- 
stance. 



(CH 3 ) 2 N 




Methylene blue 




Azure B 




Azure A 




Toluidine blue 



Cyclic GMP stimulation by the spontaneous NO 
donor SIN-1, which releases "NO independently of 
enzymatic catalysis, remained unimpaired in LLC- 
PK1 kidney epithelial cells pre-treated with glyceryl 
trinitrate or NO-aspirin (Grosser and Schroeder 
2000). Prolonged treatment with NO-aspirin caused 
down-regulation of the cellular cyclic GMP re- 
sponse, suggesting that tolerance may occur during 
therapy with NO-aspirin. 

2-Hydroxy-benzoic acid 3-nitrooxymethyl-phen- 
yl ester (B-NOD) in vitro increased cGMP produc- 
tion in platelets in a dose-dependent manner (Bing 
et al. 2000). The effect of sodium nitroprusside do- 
nor was greater than that of B-NOD. Inhibition of 
platelet aggregation was approximately 25 % as 
compared to the control sodium nitroprusside. 

Cyclic GMP possibly represents a factor inhibit- 
ing autophagy, as opposed to stimulation by cyclic 
AMP (Pfeifer 1976). 

Isatin, an endogenous indole, can be transported 
to human platelets, where it inhibited NO- 
stimulated soluble guanylate cyclase activity (Med- 
vedev et al. 2002). The effect was most pronounced 
at 10' 8 M isatin and is the most potent effect of isa- 
tin yet observed. The dose response curve was bell- 
shaped with higher doses becoming less effective. 
The maximal inhibition observed was 40 %. Isatin 
had no effect of protoporphyrin IX-stimulated gua- 
nylate cyclase. 




Thionin 

Thiazinedyes [79] 

In a p-benzoquinone-induced writhing model in 
the mouse, L-arginine displayed antinociceptive ef- 
fects at the doses of 0.125-1.0 mg/kg (Abacioglu 
et al. 2000). When the doses of L-arginine were in- 
creased gradually to 10-100 mg/kg, a dose-depend- 
ent triphasic pattern of nociception-antinocicep- 
tion-nociception was obtained. A^-nitro-L-arginine 
methyl ester (18.75-150 mg/kg) possessed antinoci- 
ceptive activity. Methylene blue (5-160 mg/kg) also 
produced a dose-dependent triphasic response. 
When L-arginine (50 mg/kg) was combined with 
N (, -nitro- L-arginine methyl ester (75 mg/kg), l- 
arginine-induced antinociception did not change 
significantly. Cotreatment of L-arginine with 5 mg/ 
kg methylene blue significantly decreased methy- 
lene blue-induced antinociception and reversed the 
nociception induced by 40 mg methylene blue to 
antinociception. 



6.2.3 

Indirect Inhibition of Mitochondrial 
Dihydroorotate Dehydrogenase Activity 

Dihydroorotate dehydrogenase (EC 1.3.99.11) catal- 
yses the oxidation of dihydroorotate to orotate in 
the pyrimidine biosynthesis pathway. Inhibition of 
cytochrome c oxidase indirectly inhibits dihydroo- 
rotate dehydrogenase activity. In digitonin- 
permeabilized cells, sodium l,l-diethyl-2-hydroxy- 
2-nitroso-hydrazine, a chemical nitric oxide donor, 
induced a dramatic decrease in dihydroorotate- 
dependent 0 2 consumption (Beuneu et al. 2000). 
The inhibition was reversible and more pronounced 
at low 0 2 concentration; it was correlated with a de- 
crease in orotate synthesis. 
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6.2.4 

Nitric Oxide and Iron Proteins 

Iron sulphur clusters have long been recognized as 
molecular targets of 'NO generated by endogenous 
synthases or exogenous donors (for review see 
Cairo et al. 2002). Dobry-Duclaux (1960) has 
shown that black Roussin’s salt, [Fe 4 S 2 (NO) 7 ]K, ef- 
fectively inhibits the enzyme alcohol dehydrogen- 
ase at very low concentrations (~ 1 x 10" 7 M). 
Gordy and Rexroad (1961) demonstrated that 
complexes of nitric oxide with haemoglobin and cy- 
tochrome c exhibited electron spin resonance spec- 
tra that could be employed to elucidate the elec- 
tronic structures of the iron atoms in these biologi- 
cally important molecules. McDonald et al. (1965) 
investigated complexes formed in aqueous solu- 
tions from Fe(II), NO, and a variety of inorganic 
and organic ligands. 

Ferrimyoglobin ( horse skeletal muscle) at pH 7.4 
binds nitric oxide to yield nitric oxide adducts 
(Reichenbach et al. 2001). In the presence of glu- 
tathione (GSH) nitrosoadducts of metmyoglobin 111 
react with it to give nitrosoglutathione. 

Cellular Fe both regulates and is regulated by 
iNOS (Nathan and Xie 1994) as well as serving as 
'NO’s most important target (Cooper 1999; for re- 
view see Bouton 1999). The reaction of 'NO with 
iron can be divided depending upon whether they 
involve mere binding or binding + metabolism. The 
redox state of the iron (ferrous, ferric or ferryl) also 
dramatically modulates whether binding is fa- 
voured over metabolism, and in the former case the 
strength of the iron-NO bond. 

6.2.4. 1 

Iron Regulatory Protein-1 RNA-Binding Activity 

Iron regulatory protein (IRP)-l RNA-binding activ- 
ity was induced by nitric oxide (Drapier et al. 
1993, Weiss et al. 1993). Activation in cells required 
a time of treatment similar to desferrioxamine, and 
while it remains possible that 'NO indirectly in- 
duces IRP-1 via modulation of intracellular iron 
levels, the in vitro analysis of recombinant IRP-1 
suggested that 'NO can direct affect the [Fe-S] clus- 
ter (Drapier et al. 1993). 

When prepared in the presence of oxygen, IRP-1 
contains both the [3Fe-4S] 1+ and the [4Fe-4S] 2+ 
forms (2000 to 5000 nmol of ris-aconitate/min x mg 
protein) (Soum et al. 2000). When exposed to nitric 
oxide generated by 3-morpholino-sydnonimine 
(SIN-1) in the presence of superoxide dismutase for 
2 h at 37 °C, IRP- 1 lost about 80 % of its aconitase 
activity and its iron responsive element-binding ca- 
pacity was increased 3- to 5-fold when further ex- 



posed to low concentrations of reductants. 3 to 5 
iron atoms were released per molecule of IRP-1. 
Electron paramagnetic resonance experiments per- 
formed at 12 K revealed that IRP-1 treated under 
the same conditions gave a progressively weaker 
[3Fe-4S] 1+ electron paramagnetic resonance signal. 




Addition of a metal ion to a [3Fe-4S] cuboidal cluster to yield 
a [4Fe-4S] cubane [80] 

From a pathophysiologic viewpoint, reactive nitro- 
gen species-induced inactivation of IRP-2 may be of 
grater relevance than a concomitant activation of 
IRP-1. IRP-2 is highly expressed in macrophages, 
and exhibits stronger affinity than IRP- 1 for ferritin 
iron responsive elements (Theil 2000). IRP-2 is 
highly homologous to IRP-1 (79% at the amino 
acid level) but lacks aconitase activity, probably be- 
cause it inability to assemble a [4Fe-4S] cluster, and 
is characterized by the presence of a 73 amino acid 
insertion in the N-terminus (Henderson 1996, 
Hentze and Kuhn 1996). 

The presence of a mitochondrial ferritin en- 
coded by an intronless gene on chromosome 5q23.1 
(Levi et al. 2001) in mammals is particularly stimu- 
lating, because this organelle is tightly involved in 
iron trafficking, and has a key role in important cel- 
lular activities, including respiration, the produc- 
tion of reactive oxygen species and the regulation of 
apoptotic pathways. Heme is specifically synthe- 
sized inside the mitochondrial matrix by the ferro- 
chelatase enzyme, which inserts ferrous iron inside 
protoporphyrin IX (Ponka 1997). There is an in- 
creasing body of evidence showing that Fe-S clus- 
ters are synthesized only inside the mitochondria 
and are locally used by mitochondrial enzymes or 
exported for insertion in cytosolic and nuclear en- 
zymes (Lill et al. 2000). 

Deletion mutants of a plasmid containing the 
iNOS promoter and a chloramphenicol-acetyltrans- 
ferase (CAT) indicator gene were transfected into 
murine fibroblasts (NIH3T3) and murine J774 mac- 
rophages (Dlaska et al. 1997). When using the par- 
ent plasmid containing the whole iNOS promoter 
stimulation of the cells with IFN-y/LPS and iron re- 
sulted in reduced CAT activity as compared to IFN- 
y/LPS treated cells, while addition of the iron chela- 
tor, desferroxamine enhanced CAT expression. Af- 
ter deleting the promoter region upstream of base 
750 (thus deleting “region II” which contains multi- 
ple binding sites for various transcription factors) 
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the relative effects of iron perturbation on CAT ex- 
pression were reduced but still present. This indi- 
cated that a factor in this region must be in part re- 
sponsible for transducing iron-mediated regulation 
towards iNOS expression. By means of electromo- 
bility shift assays Dlaska et al. (1997) identified a 
transcription factor, induced by stimulation of cells 
with interferons, the binding affinity of which to- 
wards the iNOS promoter was modulated by iron 
perturbations. Since iron-mediated regulation was 
still evident after cutting out this region although to 
a lesser extent they then tried to identify other fac- 
tors contributing to iron-mediated transcriptional 
regulation of iNOS: region I (extending from -50 to 
-300 bp upstream and containing another cluster of 
transcription factor binding sites) iron also modu- 
lated the binding of a yet not identified protein to 
this iNOS promoter region. 

Catalase (EC 1.11.1.6) rapidly formed a revers- 
ible complex stoichiometrically with nitric oxide 
with the Soret band shifting from 406 to 426 nm 
and two new peaks appeared at 540 and at 575 nm, 
consistent with the formation of a ferrous-nitrosyl 
complex (Brunelli et al. 2001). Catalase consumed 
more nitric oxide upon the addition of hydrogen 
peroxide. Conversely, micromolar concentrations of 
nitric oxide slowed the catalase-mediated decompo- 
sition of hydrogen peroxide. Catalase pre-treated 
with nitric oxide and hydrogen peroxide regained 
full activity after dialysis. 

6.2.5 

Modulation of *N0 Production 
in the Respiratory Tract 

In the lower respiratory tract, nitric oxide is pro- 
duced by inflammatory cells, alveolar and bronchi- 
olar epithelial cells, and vascular endothelial cells. 
Demirak^a et al. (1997) measured expiratory ‘NO 
concentration in 20 healthy adult subjects (aged 
20-25 y), 20 healthy children (aged 4-16 y) and 7 
patients (aged 4-14y) given L-arginine to trigger 
growth hormone incretion. Increasing 0 2 concen- 
tration from 2 1 % to 50 %, at the end of the expira- 
tion ’NO concentrations raised from 10±3ppb to 
13±4ppb. In 10% 0 2 hypoxia (voluntary adults 
only) at the end of the expiration 'NO concentra- 
tions declined from 7 ± 2 ppb to 3 ± 1 ppb. Under ar- 
ginine application, within 30 min 'NO concentra- 
tions at the end of the expiration raised from 
3 ±2 ppb to 10 + 5 ppb, thereafter they declined but, 
after 120 min, failed to reach the starting values. 

In the isolated perfused lungs of Sprague-Dawley 
rats given silica (50 mg) intratracheally, nitrate pro- 
duction as an index of "NO production, was signifi- 
cantly greater (53.5 ± 12.0 nmol/90 min) compared 



with controls (22.5 ±5.1 nmol/90 min; P <0.05) ac- 
companied by grater (P <0.0001) 90-min [ 3 H]l- 
arginine uptake (Nelin et al. 2002). The cell type in- 
volved in the increase in L-arginine transport found in 
the silica-treated lungs was not directly determined, 
but Schapira et al. (1998) found that L-arginine up- 
take was increased in alveolar macrophages and neu- 
trophils harvested from silica-exposed rat lungs. 

Guinea pig tracheal epithelial cells maintained in 
primary culture produced significantly more reac- 
tive nitrogen species when stimulated with either 
10 ng TNFa/ml (specific activity 2.86 x 10 7 U/mg) 
or 10 ng lipopolysaccharide/ml, the latter having a 
greater stimulatory effect (Rochelle et al. 1998). 

6.2.6 

Modulation of Endocrine Feedback Control 
Systems 

Nitric oxide modulates the release of corticotropin- 
releasing hormone from rat hypothalamic tissue 
cultivated in vitro (Costa et al. 1993). L-Arginine is 
a potent stimulus to growth hormone secretion in 
man (Knopf et al. 1969, Merimee et al. 1969). Hu- 
man growth hormone-releasing hormone may 
stimulate the synthesis of NO in vitro, at least partly 
through cAMP, thereby partly inhibiting hGHRH- 
induced GH secretion (Kato 1992). In vitro studies 
of dispersed rat anterior pituitary cells suggested 
that 'NO inhibits gonadotropin-releasing-hormone- 
stimulated luteinizing hormone release (Cecca- 
telli et al. 1993). Thus there may be a dual mecha- 
nism for 'NO in the control of anterior pituitary 
hormone secretion, an autocrine mediation of lu- 
teinizing hormone release on gonadotrophs, and a 
paracrine effect on growth hormone secretion in- 
volving folliculo-stellate cells closely related to so- 
matotrophs. Ceccatelli et al. (l.c.) speculated that 
'NO may participate in producing the pulsatile se- 
cretion pattern of the two pituitary hormones. Aki 
et al. (1994) suggested that ’NO may participate in 
V 2 vasopressin-receptor-mediated renal vasodilata- 
tion. The anti-ulcer activity of calcitonin gene- 
related peptide was inhibited, in a dose-dependent 
manner, by pre-treatment of rats with N°-nitro-L- 
arginine methyl ester, a nitric oxide synthase- 
inhibitor (Clementi et al. 1994). Endogenous 
nitric oxide induced by interleukin- 1(3 in rat islands 
of Langerhans and HIT-T15 cells caused significant 
DNA damage (Delaney et al. 1993). 

Deta nonoate [2,2’(hydroxynitrosohydrazono)hzs- 
ethanamine], a zwitterion nitric oxide donor, po- 
tently inhibited forskolin- and angiotensin II- 
stimulated aldosterone production in human adre- 
nocortical H295R cells in a concentration-depen- 
dent manner (Kreklau et al. 1999). 
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6.2.7 

Modulation of DNA Repair Proteins 

Asbestos induced nitric oxide production synergis- 
tically with interferon-y (Thomas et al. 1994). In 
the presence of aerobic NO formamidopyrimidine- 
DNA glycosilase (Fpg protein) activity was inhib- 
ited (Wink and Laval 1994). This enzyme repairs 
alkylating damage to guanine, such as 2,6-diamino- 
4-hydroxy-5-N-methylformamidopyrimidine resi- 
dues (Fapy) and oxidative damage such as 8-oxo- 
guanine residues (reviewed by Laval 1996). This 
protein has a glycosylase activity, incised DNA at 
abasic sites by a (3-6 elimination reaction, has a 
dRPase activity and contains a zinc finger motif 
which is mandatory for its various activities 
(O’Connor et al. 1993). It was suggested that N 2 0 3 
nitrosated the thiol residues, resulting in the ejec- 
tion of the Zn 2+ . Kroncke et al. (1994) showed that 
the zinc finger protein, LAC9, was degraded in the 
presence of 'NO. Using Raman spectroscopy, 
Kroncke et al. (1994) showed that S-nitrosothiol 
adducts were formed. 

Exposure of human foetal kidney cells trans- 
fected with a 4-kilobase fragment of the comple- 
mentary DNA encoding human iNOS to generate 
"NO (EcR293 clone 11) to muristerone A (1 pM and 
10 pM) resulted in a 4 -5-fold increase in expression 
of the DNA-dependent protein-kinase catalytic sub- 
unit, one of the key enzymes involved in repairing 
double-stranded DNA-breaks (Xu et al. 2000). This 
NO-mediated increase in enzymatically active 
DNA-protein kinase not only protected cells from 
the toxic effects of ‘NO, but also provided crosspro- 
tection against clinically important DNA-damaging 
agents, such as X-ray radiation, adriamycin, bleo- 
mycin and cisplatin. Treatment of EcR293 clone 1 1 
cells with SIN-1 (300 pM and 900 pM) resulted in 2- 
fold and 2.8-fold increases, respectively, in activity 
of the DNA-dependent protein kinase catalytic sub- 
unit promoter. 

6.2.8 

Nitric Oxide and Apoptosis 

Low doses of ‘NO inhibited apoptosis in human B 
lymphocytes (Mannick et al. 1994, Genaro et al. 
1995). In contrast, ‘NO functions as an apoptotic 
inducer for macrophages, hepatocytes, neurones 
and glial cells. The proapoptotic activity of ‘NO is 
mediated via the release of mitochondrial cyto- 
chrome c into the cytosol, the sequential loss of mi- 
tochondrial membrane potential, and the activation 
of members of the caspase family of proteases (Ue- 
hara et al. 1999, Brookes et al. 2000, Moriya et al. 
2000). Cibelli et al. (2002) analysed the NO- 



induced apoptotic signalling cascade in human SH- 
SY5Y neuroblastoma cells and observed a striking 
increase in early growth response (Egr)-l promoter 
activity as a result of NO-induced cell death. Like- 
wise, they detected an activation of the transcrip- 
tional activation potential of the ternary complex 
factor Elkl, a key transcriptional regulator of serum 
response element-driven gene transcription. Egr-1 
is a zinc finger transcription factor that couples ex- 
tracellular signals to long-term responses by alter- 
ing expression of Egr- 1 target genes. The Egr- 1 5’- 
flanking region contains five serum response ele- 
ments (SRE) that function as genetic elements for 
stimulus-transcription coupling. Moreover, these 
SREs are binding-sites for Elkl, suggesting that NO 
activated Egr-1 gene transcription via activation of 
Elkl. 

6.2.9 

Nitric Oxide and Lipid Peroxidation 

Nitric oxide can both promote and inhibit lipid per- 
oxidation (Hogg and Kalyanaraman (1999). By 
itself, ‘NO acts as a potent inhibitor of the lipid per- 
oxidation chain reaction by scavenging propagatory 
lipid peroxyl radicals (formula [81]). It can also in- 
hibit many potential initiators of lipid peroxidation, 
such as peroxidase enzymes. In the presence of 0 2 ’“, 
‘NO forms peroxynitrite (see equation [46]), a pow- 
erful oxidant capable of initiating lipid peroxida- 
tion and oxidising lipid soluble antioxidants. 

Lipid peroxyl radical can be scavenged by nitric oxid 
LOO’ + 'NO — »- LOONO chain determination [81] 

Exposure to ‘NO donors, S-nitrosoglutathione 
(250 pM) or sodium nitroprusside (500 pM) in- 
duced lipid peroxidation in primary cultures of cer- 
ebellar granule cells of 7-day-old Wistar rats as in- 
dicated by the significant increase in thiobarbituric 
acid reactive substances (Wei et al. 1999). In cells 
pre-treated with L-ascorbic acid 2-[3,4-dihydro- 
2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)- 
2H-l-benzopyran-6-yl-hydrogen phosphate] potas- 
sium salt (EPC-K1), superoxide dismutase or NO 
scavenger haemoglobin, the formation of thiobarbi- 
turic acid reactive substances was markedly sup- 
pressed. 

Brain-derived neurotrophic factor (50 ng/ml) ac- 
celerated nitric oxide donor (100 pM sodium 
nitroprusside) -induced apoptosis of cultured corti- 
cal neurones from brains of embryonic day 20 Wis- 
tar rats (Ishikawa et al. 2000). 
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6.2.10 

Peroxynitrite 

Superoxide anion and nitrogen monoxide engender 
peroxynitrite at almost diffusion-controlled rates 
(6.7 x 10 9 M" 1 . s' 1 ; Huie and Padmaja 1993; for re- 
view see Ducrocq et al. 1999). Its high rate con- 
stant means that 'NO competes effectively with su- 
peroxide dismutase for reaction with 0 2 ‘" (Hogg et 
al. 1992). 

Oy + ‘NO — »-ONOO~ (pK a = 6.8) [82] 

ONOO-+H+— ►ONOOH [83] 

ONOOH— »- HO' + 'N0 2 (20-30% yield), NOy + H+ (rest) [84] 

Peroxynitrite can be generated when 2- and 4- 
hydroxyoestrogens are incubated in vitro with 'NO 
donor compounds (Paquette et al. 2001). Using di- 
hydrorhodamine 123 as a specific probe for ONOO" 
formation, a ratio of 100 uM dipropylenetriamine 
NONOate to 10 uM 4-hydroxyoestradiol gave an op- 
timal ONOO" production of 11.9+ 1.9 [tM. Quantifi- 
cation of ONOO" was not modified by mannitol, 
supporting the idea that the hydroxyl radical was 
not involved. This production of ONOO" required 
the presence of the catechol structure of oestrogen 
metabolites since all methoxyoestrogens that were 
tested were inactive. 

Oxidations by peroxynitrite can take place either 
directly by ground-state peroxynitrous acid, 
ONOOH, or indirectly by ONOOH* where 
ONOOH* is an activated form of peroxynitrous 
acid (Goldstein et al. 1996). In the direct oxida- 
tion pathway the reaction is first order in peroxyni- 
trite and first order in substrate, and the oxidation 
yield approaches 100%. In the indirect oxidation 
pathway the reaction is first order in peroxynitrite 
and zero order in substrate. In the presence of suffi- 
cient concentrations of a substrate that reacts by the 
indirect oxidation pathway, about 50-60% of the 
ONOOH directly isomerize to nitric acid, and about 
40-50% of the ONOOH is converted to ONOOH*. 
The involvement of hydroxyl radicals in indirect ox- 
idations by peroxynitrite is ruled out on the basis of 
kinetics and oxidation yields. 

Peroxynitrite itself is not a free radical because 
the two unpaired electrons of superoxide and nitric 
oxide have combined to form a new bond. Peroxy- 
nitrite is an isomer of nitrate, but is 36 kcal x mol-1 
higher in energy (Koppenol et al. 1992). The half- 
life of peroxynitrous acid (HOONO), which is 7 s at 
0 °C and 1 s at 37 °C, should be long enough to allow 
the molecule to diffuse inside the cell and react 
with DNA. The decomposition pathway of HOONO, 
leading to the formation of nitric acid, remains 



open to debate (Cadet et al. 1997). Peroxynitrite 
decomposition catalysts (Salvemini et al. 1998) 
may represent a unique class of antiinflammatory 
agents. 

Peroxynitrite can be used as a source of biologi- 
cally relevant reactive species in a competition reac- 
tion method to evaluate antioxidant activity of dif- 
ferent compounds (Balavoine and Geletii 1999). 
Pyrogallol red was the most advantageous detecting 
molecule. It has high reactivity towards radicals 
generated from peroxynitrite and a strong absorp- 
tion band. This allows the use of very low concen- 
trations of antioxidants (typically 10 uM to 1 mM) 
to quantify their activity. 

Nitrogen dioxide ("N0 2 ) is a key biological oxi- 
dant. It can be derived from peroxynitrite via the 
interaction of nitric oxide with superoxide, from ni- 
trite with peroxidases, or from autoxidation of 
nitric oxide. Ford et al. (2002) generated submicro- 
molar concentrations of 'N0 2 in <1 us using pulse 
radiolysis, and the kinetics of scavenging 'N0 2 by 
glutathione, cysteine, or uric acid were monitored 
by spectrophotometry. The formation of the urate 
radical was observed directly, while the production 
of the oxidising radical obtained on reaction of 
'N0 2 with glutathione, cysteine, and urate were esti- 
mated as ~2xl0 7 , 5xl0 7 , and 2xl0 7 M" 1 s' 1 , re- 
spectively. The lifetime of ’N0 2 in cytosol is 
< 10 /is. Reactions between ‘N0 2 and thiols/urate 
severely limit the likelihood of reaction of ‘N0 2 
with "NO to form N 2 0 3 in the cytoplasm. 

Among the biological molecules in human 
plasma whose rates of reaction with peroxynitrite 
have been reported, carbon dioxide is one of the 
fastest with a pseudo-first-order rate constant k C02 / 
plasma = 46 s" 1 (Squadrito and Pryor 1998). Nitro- 
soperoxycarbonate (ONOOC0 2 ") is formed as a re- 
active intermediate, which then rapidly homolyzes 
to form a pair of caged radicals [C0 3 ‘7'N0 2 ], which 
can then diffuse apart and become free radicals or 
combine to form the nitrocarbonate (0 2 N0C0 2 ") 
which then decomposes to N0 3 " and C0 2 . The last 
reaction is responsible for the catalytic action of 
C0 2 during the decomposition of peroxynitrite 
(Squadrito and Pryor 1998). The therapeutic ef- 
fect of uric acid may be related to the scavenging of 
the radicals C0 3 '" and "N0 2 that are formed from 
the reaction of peroxynitrite with C0 2 (Squadrito 
et al. 2000). 

Aldehydes, like C0 2 , react rapidly with peroxyni- 
trite and catalyse its decompensation (Uppu et al. 
1997). The pH dependence of the reaction is consis- 
tent with the addition of ONOO" (not ONOOH) to 
the carbonyl carbon atom of the free aldehyde 
forming a 1-hydroxyalkylperoxynitrite anion ad- 
duct, which structurally resembles the nitrosoper- 
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oxycarbonate adduct formed from the reaction 
ONOCT with C0 2 . 1-Hydroxyalkylperoxynitrite or 
the secondary products derived from it, dacay to 
give N0 3 “ and regenerated aldehyde, with small but 
significant yields of H 2 0 2 , organic acids, and or- 
ganic nitrates. In analogy with the peroxynitrite/ 
C0 2 system, Uppu et al. (1997) suggested that 1- 
hydroxyalkylperoxynitrite undergoes homolytic or 
heterolytic cleavage at the 0-0 bond, giving a 
caged radical pair [RCH(0H)0'/’N0 2 ] or interme- 
diate ion pair [RCH(0H)0“/ + N0 2 ]. These radical 
and ions can recombine within the solvent to form 
1-hydroxyalkylnitrate [RCH(0H)0N0 2 ], which can 
then dissociate to give nitrate and regenerate the al- 
dehyde. 

O 0- OH 

ii i i 

R-C-H + ONOCT — ► R— C— OONO-«-H + — - R-C-OONO 
I I 

H H [85] 

Aconitase is readily inactivated by peroxynitrite, 
but not by its precursor, nitric oxide (Castro et al. 
1994). 

In many instances, it is becoming apparent that 
peroxynitrite serves as a mediator in oxidative ac- 
tions originally attributed to nitric oxide or other 
oxygen-derived species, as noted for aconitase inhi- 
bition (Castro et al. 1994). Peroxynitrite is now be- 
ing revealed as a key contributing reactive species 
in pathological events associated with stimulation 
of tissue production of 'NO, e.g. systemic hyperten- 
sion, inhibition of intermediary metabolism (Radi 
et al. 1994), ischaemia-reperfusion injury (Ma- 
theis et al. 1992), ultraviolet B radiation-induced 
skin injury (Deliconstantinos et al. 1996), im- 
mune complex-stimulated pulmonary oedema, 
cytokine-induced oxidant lung injury, and inflam- 
matory cell-mediated pathogen killing/host injury 
(Zhu et al. 1992, Denicola et al. 1993). Peroxyni- 
trite oxidised a-tocopherol, ascorbate, and many 
thiols in synaptosomes isolated from rat brain (Va- 
tassery 1996). 

Dopamine is oxidised by peroxynitrite (molar 
ratio 1:1) to 6-hydroxyindole-5-one as character- 
ised by HPLC and photodiode array spectra, akin to 
the products of the tyrosinase-dopamine reaction, 
but no evidence of dopamine nitration was ob- 
tained (Kerry and Rice-Evans 1999). Although 
peroxynitrite did not cause nitration of dopamine 
in vitro, the catecholamine is capable of inhibiting 
the formation of 3-nitrotyrosine from peroxynitrite- 
mediated nitration of tyrosine. The plant-derived 
phenolic compounds, caffeic acid and catechin, in- 
hibited peroxynitrite-mediated oxidation of dopa- 
mine. In contrast, the monohydroxylated hydroxy- 



cinnamates, p-coumaric acid and ferulic acid, 
which inhibit tyrosine nitration through a mecha- 
nism of competitive nitration, did not inhibit 
peroxynitrite-induced dopamine oxidation. 

Melatonin (4 mM in a phosphate buffer) upon 
vortex mixing with an equal volume of a solution of 
peroxynitrite (4 mM) formed 6-hydroxymelatonin 
and 5-methoxy-2-hydropyrroloindole (Zhang et al. 
1998). The formation of the melatoninyl radical cat- 
ion in the peroxynitrite/melatonin reaction pro- 
vides a direct evidence for the one-electron oxida- 
tion ability of peroxynitrite. Melatonin is a scaven- 
ger of peroxynitrite (Gilad et al. 1997). The overall 
peroxynitrite/melatonin reaction is first-order in 
melatonin and first-order in peroxynitrite, but the 
hydroxylation of melatonin is presumed to be zero- 
order in melatonin (Zhang et al. 1999). Melatonin 
is metabolised in the liver, mainly to 6-hydroxyme- 
latonin, which is a better chain-breaking antioxi- 
dant than melatonin. C0 2 modulates the reactions 
of peroxynitrite. The reaction of peroxynitrite with 
melatonin in the absence of added bicarbonate pro- 
duces mainly 6-hydroxymelatonin and 1,2, 3, 3a, 8, 8 
a-hexahydro-l-acetyl-5-methoxy-8a- 
hydroxypyrrolo [2, 3-b] indole, with some isomeric 
l,2,3,3a,8,8a-hexahydro-l-acetyl-5-methoxy-3a- 
hydroxypyrrolo [2, 3-b] indole. In the presence of 
added bicarbonate, product yields decrease and 6- 
hydroxymelatonin is not formed. 

Peroxynitrite (ONOCT accompanied by 
0N00C0 2 ") in aqueous-buffered solutions par- 
tially transforms melatonin into 1-nitrosomelatonin 
and several oxidised derivatives. Kinetic studies by 
stopped-flow spectrophotometry indicated that 
these conversions followed the first-order kinetic 
rate of peroxynitrite decay. The same melatonin 
transformation occures with ’NO in the presence of 
oxygen, but at a lower kinetic rate. Under these con- 
ditions, nitrosation is the sole transformation of 
melatonin (Blanchard and Ducrocq 2000). 

Reactive nitrogen intermediates such as peroxy- 
nitrite also react with DNA, forming (among oth- 
ers) the adduct 7,8-dihydro-8-oxo-2’-deoxyguano- 
sine (Inoue and Kawanishi 1995, Liu and Hotch- 
kiss 1995, Douki and Cadet 1996). 7,8-Dihydro-8- 
oxo-2’-deoxyguanosine is far more susceptible to 
peroxynitrite than 7,8-dihydro-2’-deoxyguanosine, 
which emphasises the fact that more stable oxida- 
tive end products than 7,8-dihydro-8-oxo-2’- 
deoxyguanosine exist (Douki et al. 1996, Uppu et 
al. 1996). Spencer et al. (1996) treating calf thymus 
DNA (0.2 mg/ml) with peroxynitrite (1 mM) found, 
in addition to 8-nitroguanine, increased levels of 
both oxidised and deaminated base products, in- 
cluding 5-hydroxyhydantoin, 5-(hydroxymethyl)- 
uracil, thymine glycol, 4,6-diamino-5-formamide- 




134 Chapter 6 Reactive Oxygen and Nitrogen Species 



pyrimidine, 2,6-diamino-5-formamidepyrimidine, 
8-oxoadenine, 8-oxoguanine, hypoxanthine, and 
xanthine. 

DNA strand breakage in calf thymus DNA oc- 
curred after exposure to authentic peroxynitrite, or 
to SIN-1, a sydnonimine compound that generates 
both 'NO and 0 2 ’~ and thus can be considered as a 
peroxynitrite donor (Inoue and Kawanishi 1995). 
Yermilov et al. (1995), however, suggested that 
peroxynitrite did not increase C8-oxoguanine levels 
in DNA. In addition to oxidation products, 8- 
nitroguanine has also been detected as a product of 
peroxynitrite reacting with guanine, suggesting 
that nitration could be an important process (Yer- 
milov et al. 1995). In cell culture, deRojas- 
Walker et al. (1995) have suggested that oxidative 
damage to DNA in activated macrophages is due to 
the formation of peroxynitrite. In J774 macro- 
phages and cultured rat aortic smooth muscle cells 
exposure to authentic peroxynitrite caused a dose- 
dependent increase in DNA strand breakage 
(Szabo et al. 1996). 

The conditions to induce strand breaks, oxida- 
tion and deamination of DNA require high concen- 
trations of reactive nitrogen oxide species or NO 
which may not be physiologically relevant (Laval et 
al. 1997). In vivo, antioxidants and reactive nitrogen 
oxide species scavengers, such as ascorbate and re- 
duced glutathione, are abundant decreasing the 
chance that these chemical species directly modify 
DNA. 

SIN-1 (0.1-15 mM), generating ONOO' by the 
simultaneous release of "NO and 0 2 *", dose- and 
time-dependently induced single-strand breaks in 
isolated human peripheral blood lymphocytes as 
assessed by single cell gel electrophoresis (Doulias 
et al. 2001). Exposure of the cells to SIN-1 (5 mM) 
in the presence of excess of superoxide dismutase 
(0.375 mM) increased the formation of single 
strand-breaks significantly, whereas 1000 U/ml cat- 
alase significantly decreased the quantity of single 
strand-breaks. The simultaneous presence of both 
superoxide dismutase and catalase before the addi- 
tion of SIN-1 brought the level of single-strand 
breaks to that of the untreated cells. Pre-treatment 
of the cells with the intracellular Ca 2+ -chelator 
BAPTA/AM inhibited SIN- 1 -induced DNA damage, 
indicating the involvement of intracellular Ca 2+ 
changes in this process. Pre-treatment of the same 
cells with ascorbate or dehydroascorbate did not of- 
fer any significant protection in this system. 

Toxic effects of superoxide dismutase overex- 
pression are commonly attributed to increased 
H 2 0 2 production. Still, published experiments yield 
contradictory evidence on whether superoxide dis- 
mutase overexpression increases or decreases H 2 0 2 



production. Gardner et al. (2002) analyzed this is- 
sue using a minimal mathematical model. The most 
relevant mechanisms of superoxide consumption 
are trated as pseudo first-order processes, and both 
superoxide production and the activity of enzymes 
other than superoxide dismutase were considered 
constant. Even within this simple framework, su- 
peroxide dismutase overexpression may increase, 
hold constant, or decrease H 2 0 2 production. At nor- 
mal superoxide dismutase levels, the outcome de- 
pends on the ratio between the rate of processes 
that consume superoxide without forming H 2 0 2 and 
the rate of processes that consume superoxide with 
high (> 1) H 2 0 2 yield. In cells or cellular compart- 
ments where this ration is exceptionally low (< 1), a 
modest decrease in H 2 0 2 production upon superox- 
ide dismutase overexpression is expected. Where 
the ratio is higher than unity, H 2 0 2 production 
should increase, but at most linearly, with superox- 
ide dismutase activity. 

In confluent cultures of the murine lung epithe- 
lial cell line, LA-4 stimulated with cytokines to ex- 
press iNOS, peroxynitrite caused a concentration- 
dependent decrease in 'NO (Robinson et al. 2001). 
Similar results were obtained when SIN-1 was 
added to the flasks. 

Treatment of A549 human pulmonary epithelial 
cells with 1 mM peroxynitrite resulted in ADP- 
ribosylation, NADP + depletion, inhibition of mito- 
chondrial respiration, and increased epithelial pa- 
racellular permeability (Szabo et al. 1997). The 
poly (ADP-ribose) synthetase (PARS) inhibitor 3- 
aminobenzamide (1 mM) provided a significant, 
partial protection against the energetic and func- 
tional changes. Similarly, inhibition of PARS activ- 
ity by 3-aminobenzamide reduced the peroxynitrite- 
induced suppression of mitochondrial respiration 
in BEAS-2B human bronchial epithelial cells. 

In human lung epithelial cells authentic ONOO" 
(100-500 pM) increased Mn-superoxide dismutase 
mRNA transcripts in a concentration-dependent 
fashion but did not change HPRT (Jackson et al. 
1997). ONOO" stimulated luciferase gene expres- 
sion driven by a 2.5 kb fragment of the rat Mn- 
superoxide dismutase gene 5’ region. Induction due 
to ONOO" was inhibited by 10 mM L-cyteine, 
50 mM N-acetylcysteine and partially inhibited by 
10 mM PDTC. Neither H 2 0 2 nor N0 2 ", breakdown 
products of SIN-1 and ONOO", had any effect on 
Mn-superoxide dismutase mRNA expression. 
ONOO" has direct, stimulatory effects on Mn- 
superoxide dismutase gene expression. 

A study in the saline-perfused heart of knockout 
mice (with a defective eNOS gene) proved clear evi- 
dence that endogenously formed "NO significantly 
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contributed to ischaemia-reperfusion injury, most 
likely by peroxynitrite formation from 'NO 
(Flogel et al. 1999). 

On exposure of cultured mouse embryo cardiac 
myocytes to 0.2 mM ONOO“, [Ca 2+ ]i increased to 
beyond the systolic level within 5 min with a con- 
comitant decrease in spontaneous contraction of 
myocytes followed by complete arrest (Ishida et al. 
1996). Addition of a L-type Ca 2+ channel blocker or 
removal of extracellular Ca 2+ prevented the ONOCT - 
induced increase in [Ca 2+ ]j, indicating that the in- 
crease in [Ca 2+ ]i was caused by the enhanced influx 
of Ca 2+ through the plasma membrane and not by 
the enhanced release from sarcoplasmic reticulum. 
Plasma membrane fluidity and concentration of the 
thiobarbituric acid-reactive substance in the cells 
remained unchanged under the ONOCT treatment. 

Peroxynitrite causes irreversible inhibition of 
mitochondrial respiration and damage to a variety 
of mitochondrial components via oxidising reac- 
tions as reviewed by Brown (1999). Thus it inhibits 
or damages mitochondrial complexes I, II, IV and 
V, aconitase, creatine kinase, the mitochondrial 
membrane, mitochondrial DNA, superoxide dis- 
mutase, and induces mitochondrial swelling, depo- 
larisation, calcium release and permeability transi- 
tion. Peroxynitrite exposure to rat heart mitochon- 
drial preparations resulted in significant inactiva- 
tion of electron carriers such as succinate dehydro- 
genase and NADH dehydrogenase as well as the mi- 
tochondrial ATPase (Radi et al. 1994). 

In mouse embryo ventricular heart muscle cells 
ONOCT increased [Ca 2+ ]i through disturbance of 
Ca 2+ transport systems in the plasma membrane 
and impaired contractile protein (Ishida et al. 
1996). Immunohistology demonstrated that the 
ONOO“-mediated nitration product nitrotyrosine 
was formed in postischaemic but not in normally 
perfused controls (Wang and Zweier 1996). Most 
of the reactive oxygen species-positive cells in in- 
flamed mucosa biopsy specimens from inflamma- 
tory bowel disease patients and control subjects 
were also positive for nitrotyrosine (Dijkstra et al. 
1998). Nitrotyrosine-modified proteins were found 
on the surface of reactive oxygen species-positive 
cells. 

Reaction of peroxynitrite with tyrosine residues 
gives 3-nitrotyrosine and dityrosine, as well as hy- 
droxylated ring products (Ischiropoulos et al. 
1992, van der Vliet et al. 1994, Ischiropoulos 
1998). 3-Nirotyrosine appears to be a specific 
marker of reactive nitrogen species, though it 
should be noted that this species can undergo fur- 
ther reaction with excess oxidant to give 3,5- 
dinitrotyrosine (Yi et al. 1997). Low levels of per- 
oxynitrite can cause inactivation of the heme- 



thiolate protein prostacyclin (PGI 2 )-synthase by ni- 
tration of a tyrosine residue (Mehl et al. 1999). 
Spectral and kinetic analyses allow to conclude on a 
ferryl nitrogen dioxide complex as an intermediate 
which decomposes in the presence of an excess of 
peroxynitrite under formation of dioxygen, nitrite, 
and nitrate. This occurs in a catalytic cycle which 
was more efficient with P450 nor than with microper- 
oxidase. If phenol was added to the reaction mix- 
ture of peroxynitrite and the ferric complexes the 
ratio of hydroxylated to nitrated phenols decreased 
compared to the metal-free system. Phenol com- 
peted with the formation of dioxygen indicating 
that the ferryl intermediate was involved in both 
pathways. Alternatively, the ferry nitrogen dioxide 
complex can oxidise a second peroxynitrite mole- 
cule to the radical, ONOCT, which can decompose 
to dioxygen and 'NO. The latter forms N 2 0 3 with 
the remaining "N0 2 radical. A third pathway con- 
sists in the isomerization to nitrate which also is ca- 
talysed by the heme proteins since the ratio of ni- 
trite/nitrate does not change significantly during 
the catalytic reaction with excess of peroxynitrite. 

Immunohistology demonstrated that the 
ONOO“-mediated nitration product nitrotyrosine 
was formed in postischaemic but not in normally 
perfused controls (Wang and Zweier 1996). Most 
of the reactive oxygen species-positive cells in in- 
flamed mucosa biopsy specimens from inflamma- 
tory bowel disease patients and control subjects 
were also positive for nitrotyrosine (Dijkstra et al. 
1998). Nitrotyrosine-modified proteins were found 
on the surface of reactive oxygen species-positive 
cells. 

Both peroxynitrous acid and peroxynitrite react 
with methionine, k acid = (1.7 ±0.1) x 10 3 M _1 s _1 and 
kanion = 8.6 ±0.2 M _1 s" 1 , respectively, and with N- 
acetylmethionine k acid = (2.8 ±0.1) x 10 3 M _1 s _1 and 
kanion = 10.0 ±0.1 M _1 s _1 , respectively, to form sulf- 
oxides (Perrin and Koppenol 2000). 

d, L-Selenomethionine is oxidised by peroxyni- 
trite by two competing mechanisms, a one-electron 
oxidation that leads to ethylene, and a two-electron 
oxidation that gives methionine selenoxide (Pad- 
maja et al. 1997). Kinetic modelling of the experi- 
mental data suggests that both peroxynitrous acid 
and the peroxynitrite anion react with d,l- 
selenomethionine to form methionine selenoxide 
with rate constants of 20,460 ±440 M -1 s -1 and 
200 ±170 M -1 s _1 , respectively at 25 °C. In the pres- 
ence of added bicarbonate, the yield of ethylene ob- 
tained from the reaction of 0.4 mM peroxynitrite 
with 1.0 mM selenomethionine, decreased by 35% 
with an increase in the concentration of bicarbon- 
ate from 0 to 25 mM. Kinetic simulations showed 
that the decrease in the yield of methionine selen- 
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oxide is due to reaction of the peroxynitrite anion 
with C0 2 . 

When peroxynitrite (100-200 nmol site' 1 ) was 
injected into the skin of anaestethized rats, the loss 
of nitrated proteins appeared biphasic with an ini- 
tial (ti/ 2 = 2 h) and slower loss (ty 2 = 22 h), and a 
major nitrated protein was identified as albumin by 
Western blot analysis (Greenacre et al. 1999). 

Peroxynitrite at low concentrations (3-10 /rM) 
inhibited agonist-induced platelet aggregation by a 
mechanism not dependent on the formation of cy- 
clic guanosine monophosphate (Low et al. 2002). 
Platelets recovered completely from peroxynitrite- 
induced inhibition within 30 min. Peroxynitrite in- 
duced nitration of cytosolic proteins, but this di- 
minished to near basal levels within 60 min of ex- 
posure to the oxidant. During this period there was 
a reduction in tyrosine phosphorylation of specific 
proteins such as syk, but this was not due to the di- 
rect nitration of the same proteins. The inhibition 
of phosphorylation was reversible with platelet pro- 
teins recovering the ability to be phosphorylated 
within 15 min of exposure to peroxynitrite. Con- 
versely, peroxynitrite increased phosphorylation of 
other proteins, but again these events were not di- 
rectly linked to nitration. 

The peroxynitrite generator, 3-morpholinosyd- 
nonimine (SIN-1), in vitro caused a concentration- 
dependent inhibition of eosinophil chemotactic ac- 
tivity (Sato et al. 1999). Peroxynitrite reduced 
RANTES (regulated on activation, normal T-cell ex- 
pressed and secreted) and interleukin-5 binding to 
eosinophils and resulted in nitrosotyrosine forma- 
tion. In vitro peroxynitrite significantly (P <0.05) 
attenuated eotaxin-induced chemotactic activity in 
a dose-dependent manner (Sato et al. 2000). The 
inhibitory effect was not significant on eotaxin- 
induced chemotactic activity induced by leukotri- 
ene B 4 or complement-activated serum incubated 
with peroxynitrite. The reducing agents deferoxa- 
mine or dithiothreitol reversed eotaxin-induced 
chemotactic activity inhibition by peroxynitrite, 
and exogenous L-tyrosine abrogated the inhibition 
by peroxynitrite. 3-Morpholinosydnonimine (SIN- 
1) caused a concentration-dependent inhibition of 
eotaxin-induced chemotactic activity by eotaxin. 
Consistent with its capacity reduce eotaxin-induced 
chemotactic activity, peroxynitrite treatment re- 
duced eotaxin binding to eosinophils. 

In the central nervous system, OONO' induced 
modification of neuronal function. It stimulated the 
release of neurotransmitters including v- amino- 
butyric acid (GABA) and acetylcholine from mouse 
cerebral cortical neurones (Ohkuma et al. 1995). 
Hydroxyl radical scavengers such as N,N' -dimethyl- 
thiourea (DMTU), mannitol, and uric acid signifi- 



cantly increased OONO'-evoked [ 3 H]GABA release, 
whereas urea showed no effects on the release 
(Higo et al. 1998). Removal of Ca 2+ from incubation 
buffer abolished the enhancement of the release by 
DMTU, although DMTU showed no effects on the 
basal release with and without Ca 2+ in extracellular 
space. 

Uric acid is present in human plasma at much 
higher levels than those encountered in other pri- 
mates because the enzyme urate oxidase is absent 
from human tissues (Cutler 1984). it has therefor 
e been proposed that uric acid is an important anti- 
oxidant for humans (Ames et al. 1981). Urate reacts 
with peroxynitrite with an apparent second order 
rate constant of 4.8 x 10 2 M" 1 • s" 1 in a complex pro- 
cess, which is accompanied by oxygen consumption 
and formation of allantoin, alloxan, and urate de- 
rived radicals (Santos et al. 1999). The main radi- 
cal was identified as the aminocarbonyl radical by 
the electrospray mass spectra of its 5,5-dimethyl-/- 
pyrroline-N-oxide adduct. Mechanistic studies sug- 
gested that urate reacts with peroxynitrous acid and 
with the radicals generated from its decomposition 
to form products that can further react with per- 
oxynitrite anion. 

The degradation of the glycosaminoglycan hy- 
aluronan by peroxynitrite was prevented to varying 
extents by addition of alternate target molecules (Li 
et al. 1997). Thiourea was extremely effective as a 
protective agent, dimethyl sulfoxide was moderately 
effective, while sodium benzoate and mannitol 
were slightly effective. A similar pattern of protec- 
tion was observed when hyaluronan was degraded 
by hydroxyl radical generated by a metal ion/H 2 0 2 
system. 

Phosphorylation activity of five tyrosine kinases 
of the src family from both human erythrocytes and 
bovine synaptosomes was stimulated by treatment 
with 30-250 |iM peroxynitrite (Mallozzi et al. 
1999). This effect was not observed with syk, a non- 
src family tyrosine kinase. Higher concentrations of 
peroxynitrite inhibited the activity of all kinases, 
indicating enzyme inactivation. 

In order to quantify peroxynitrite scavenging by 
different antioxidants Balavoine and Geletii 
(1999) developed a convenient “tube” assay. Peroxy- 
nitrite was employed as a biologically relevant 
source of radicals with Pyrogallol Red as a detect- 
ing molecule. A variety of compounds have been 
examined, namely polyphenols, uric acid, glutathi- 
one, and ascorbic acid. Competition kinetics were 
observed for the majority of examined compounds, 
except thymol and ascorbic acid. Pyrogallol Red 
was fully protected by ascorbic acid against the 
bleaching by peroxynitrite until its total consump- 
tion. The deviation from competition kinetics in 
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the case of thymol was due to the formation of radi- 
cals from thymol and their subsequent reaction 
with Pyrogallol Red. Quercetin was the most effi- 
cient scavenger of free radicals. The measurements 
of relative antioxidant activities using Pyrogallol 
Red and other detecting molecules, such as gallocy- 
anine and carminic acid, were in fair agreement. 

Carotenes (lycopene, a-carotene, and |3-carotene) 
and oxocarotenoids (|3-cryptoxanthin, zeaxanthin, 
and lutein) prevented the formation of rhodamine 
123 from dihydrorhodamine 123 caused by peroxy- 
nitrite, suggesting that the carotenoids react with 
peroxynitrite (Panasenko et al. 2000). Oxocarote- 
noids were as effective as biothiols (glutathione, 
cysteine, and bovine serum albumin), known scav- 
engers of peroxynitrite, whereas lycopene, a-carot- 
ene, and |3-carotene exhibited a considerably more 
pronounced effect. Peroxynitrite caused a loss of 
carotenoids in low-density lipoprotein. Class II con- 
gestive heart failure (according to the New York 
Heart Association) patients showed significantly 
lower malondialdehyde levels and significantly 
higher levels of vitamin A, vitamin E, lutein, and ly- 
copene than class III patients (Polidori et al. 
2002). 

Hydroxytyrosol, one of the o-diphenolic com- 
pounds in extra virgin olive oil, was highly protec- 
tive against the peroxynitrite-dependent nitration 
of tyrosine and DNA damage by peroxynitrite in 
vitro (Deiana et al. 1999). The lignans (+)-l- 
acetoxypinoresinol and (+)-pinoresinol are major 
components of the phenolic fraction of olive oils 
(Owen et al. 2000). These lignans, which are potent 
antioxidants, are absent in seed oils and virtually 
absent in refined virgin oils but are present in con- 
centrations of up to 100 mg/kg (mean±SE, 
41.53 ±3.93 mg/kg; range, 0.65-99.97 mg/kg) in ex- 
tra virgin oils. 

Green tea extract and its polyphenols markedly 
inhibited luminol-dependent chemiluminescence 
activated by peroxynitrite or SIN-1 (Van Dyke et 
al. 2000). At high doses of tea or antioxidants, the 
light generated from the reaction of peroxynitrite 
and luminol was clearly inhibited. However, at di- 
lute concentrations of antioxidants, one can often 
observe stimulation of light. Worth et al. (2000) 
developed an analytical method capable of separat- 
ing six different catechins and caffeine in tea by mi- 
cellar electrokinetic chromatography in only 
20 min without extensive sample preparation and 
compared the amount of catechins and caffeine in 
several teas and different preparation methods. 
Valcic et al. (2000) isolated and identified a previ- 
ously unreported reaction product of (-)-epigal- 
locatechin gallate and three reaction products of 
(-)-epigallocatechin. In the (-)-epigallocatechin 



gallate product, the B-ring was transformed into a 
ring-opened unsaturated dicarboxylic acid moiety. 
The (-)-epigallocatechin products included a 
seven-membered B-ring anhydride and a symmet- 
rical (-)-epigallocatechin dimer, both analogues of 
previously described (-)-epigallocatechin gallate 
oxidation products. The third (-)-epigallocatechin 
product was an unsymmetrical dimer. 




OH 

(-)-epicatechin (EC) 



OH 

(-)-epigallocatechin (EGC) 



OH OH 




OH OH 




(-)-epicatechin gallate (ECG) (-)-epigallocatechin gallate (EGCG) 

Structures of catechins in tea extracts (from WORTH et al. 2000) [86] 



Catechins inhibited invasion of mouse M0 4 cells 
into embryonic chick heart fragments in vitro 
(Bracke et al. 1991). The anti-invasive effects could 
be ranked as follows: 

(-t-)-catechin > (-)-epicatechin > 3-0-methyl-(+)-catechin 
> 3-0-palmitoyl-(+)-catechin 

Most of the catechins are unstable in cell culture 
media, and their spontaneous rearrangement prod- 
ucts tend to bind to extracellular matrix. 

Iron(III) meso-tetra(2,4,6-trimethyl-3,5-disulph- 
onato)porphyrine chloride (FeTMPS) is oxidised by 
peroxynitrite to produce oxoFe(IV)TMPS and N0 2 
(&! = 1.3 x 10 5 M _1 s _1 ) (Shimanovich and Groves 
2001). The porphyrin is then reduced back to Fe(II- 
I)TMPS by nitrite, but this rate (k 2 = 1.4 x 10 4 
M -1 s -1 ) is not sufficient to maintain the catalytic 
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process at the observed rate. A “cage -return” reac- 
tion between the generated oxoFe(IV)TMPS and 
N0 2 (fc 8 = 5.4 x 10 4 M'V 1 ), affording Fe(III)TMPS 
and nitrate, and a reaction between oxoFe(IV)TMPS 
and peroxynitrite (k 7 = 2.4 x 10 4 M'V 1 ) that afford 
oxoFe(IV)TMPS and nitrate are presented. 

6.2.11 

N 2 0 3 : Nitrosative Stress 

The term “nitrosative stress” emphasises a close re- 
lationship to oxidative stress, where among other 
targets, metals and thiols are modified by oxida- 
tion. Oxidants and nitrosants can interact to form 
other oxidising/nitrosating species, which in turn 
can potentiate the toxicity of either species is capa- 
ble of imposing by itself. 

Studies suggest that there exists a balance be- 
tween NO and two of the major reactive nitrogen 
oxide species, dinitrogen trioxide (N 2 0 3 ) and per- 
oxinitrite (Miles et al. 1995, 1996, Wink et al. 1997) 
that can determine the toxicological outcome under 
conditions involving both or either 'NO and reac- 
tive oxygen species. 

Dinitrogen trioxide (N 2 0 3 ) can be derived from 
several sources: the reaction of 'NO with 0 2 , acidic 
nitrite, or from the NO/0 2 -reaction (Wink et al. 
1993). The primary mode of chemistry is to nitro- 
sate amines and thiols to form nitrosamines and S- 
nitrosothiols (Williams 1988). 

N0 2 + N0— ►N 2 0 3 . [87] 

It was proposed that nitrosation of the exocyclic 
amide group resulted in a primary nitrosamine: 

NH 2 -R + N 2 0 3 — *~R-NHN0 + N0 2 [88] 

This was then followed by rapid deamination re- 
sulting in hydroxy group: 

R-NHNO— ►RNNOH — ►R-OH + N 2 . [89] 

Nitrosylated albumin was detected in activated 
macrophage supernatants using an anti-NO-acetyl- 
ated cysteine antibody (Gobert et al. 1999). It was 
estimated that 10 % of N 2 0 3 produced by activated 
cells participate in extracellular nitrosylation. N 2 0 3 
thus appears to be a new effector molecule of the 
immune system, as an agent for the nitrosylation of 
albumin, the main nitric oxide carrier in vivo. 

The "NO-mediated deamination of nucleobases 
depends on the presence of oxygen, indicating that 
N 2 0 3 is involved (Nguyen et al. 1992). This chemis- 
try would result in the conversion of cytosine to 
uracil, guanine to xanthine, methylcytosine to 
thymine, and adenine to hypoxanthine. Single- 



stranded DNA is far more susceptible to nitrosative 
chemistry than double-stranded DNA (Merchant 
et al. 1996). It has been proposed that these mecha- 
nisms involving NO could contribute to the sponta- 
neous deamination which occurs in vivo. Another 
possible pathway for the mutagenicity of N 2 0 3 is the 
endogenous formation of nitrosamines, which are 
powerful DNA-alkylating agents (Bartsch et al. 
1990). 

Na 2 N 2 0 3 , Angelis’ salt, as a source of NO" was 
found to be cytotoxic to Chinese hamster V79 lung 
fibroblast cells over a concentration range of 
2-4 mM (Wink et al. 1998). The presence of equi- 
molar ferricyanide, Fe(III)(CN) 6 3 ", which converts 
NO" to 'NO, afforded dramatic protection against 
Angelis’ salt-mediated cytotoxicity. Treatment of 
V79 cells with L-buthionine sulfoximine to reduce 
intracellular glutathione markedly enhanced the cy- 
totoxicity of Angelis’ salt, which suggests that GSH 
is critical for cellular protection against the toxicity 
of NO". At a molecular level, exposure to Angelis’ 
salt resulted in DNA double strand breaks in whole 
cells, and this effect was completely prevented by 
coincubation of cells with ferricyanide or 4-hydro- 
xy-2,2,6,6-tetramethylpiperidine-l-oxyl (TEMPOL). 

The beneficial effect of TEMPOL, however, is 
limited because its short lifetime in tissues (Kuppu- 
samy et al. 1996). Polynitroxylated macromolecules 
such as poly nitroxyl- human serum albumin enable 
maintaining a sustained concentration of TEMPOL 
for longer periods in tissue. In rats medicated with 
polynitroxyl-human serum albumin + TEMPOL is- 
chaemic myocardial infarct volume was signifi- 
cantly smaller than that in control rats given saline 
(Li et al. 2002). 

Because of their versatility and favourable prop- 
erties, in addition to their relative nontoxicity in 
both in vitro and in vivo systems (Swartz et al. 
1995, Damiani et al. 2000), it is likely that nitroxi- 
des will find increasing use in viable biological sys- 
tems. The results obtained overall by Damiani et al. 
(2000) in an in vitro study of oxidative DNA dam- 
age and the effect of nitroxides shed more light on 
the antioxidant activity of this particular class of 
compounds and lead to a better understanding of 
the full exploitation of these powerful tools. 

6.2.12 

Nitric Oxide/Nucleophile Complexes 

Adducts of "NO with nucleophiles (NONOates) have 
long been known in the chemical literature (Drago 
1962). Their biological properties, however, have 
not been explored until recently. The biologically 
important polyamine, spermine or sulphite ions 
form adducts showing vasorelaxant properties with 
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EC 50 values of 6.2 jiM and 62 uM, respectively 
(Morley and Keefer 1993). NONOates may have 
the potential to address some of the limitations of 
currently available nitrovasodilators. They maintain 
‘NO stability during storage in solid form and are 
highly soluble in aqueous media. The rate at which 
‘NO is generated on dissolution of these com- 
pounds in a biologic system can be chemically pre- 
dicted and adjusted by altering the carrier nucleo- 
phile. In acute lung injury induced by intravenous 
injection of oleic acid (ds-9-octadecanoid acid) in 
the pig, aerosolised nonoate following surfactant 
pre-treatment improved oxygenation and reduced 
pulmonary hypertension (Jacobs et al. 2000). 

Exposure of rat skeletal muscle to diethylamine 
NONOate (5mM) resulted in a 50% reduction in 
catalase (EC 1.11.1.6), glutathione peroxidase (EC 
1.11.1.9), and a dose-dependent inhibition of Cu,Zn 
superoxide dismutase (EC 1.15.1.1) (Lawler and 
Song 2002). 

When [ 14 C] acetaminophen was incubated at 
pH 7.4 with reactive nitric oxygen species, the same 
new product (3NAP) was produced by at least three 
separate pathways represented by the following 
conditions: myeoloperoxidase oxidation of N0 2 “, 
N0 2 C1, and ONOCT or 3-morpholinosydnonimine 
(Lakshmi et al. 2000). Human polymorphonucler 
neutrophils incubated with [ 14 C] acetaminophen 
and stimulated with 12-0-tetradecanoylphorbol-13- 
acetate produced 3NAP in the presence of N0 2 “ 
Neutrophil 3NAP formation was verified by mass 
spectrometry and was consistent with myeoloper- 
oxidase oxidation of N0 2 ". Spermine NONO sup- 
ported 3NAP formation by stimulated cells in the 
absence of N0 2 ". Results demonstrated that 3NAP is 
a product of nitrating reactive nitric oxygen species 
generated by at least three separate pathways and 
may be a biomarker for nitrating mediators of in- 
flammation. 

6.2.13 

5^Nitrosothiols as Intermediates 
in the Metabolism or Bioactivity of ‘NO 

In view of the fact that the plasma and cellular mi- 
lieu contains reactive species that can rapidly inac- 
tivate 'NO, it has been postulated that ‘NO is stabi- 
lised by a carrier molecule that preserves its biolog- 
ical activity. Reduced thiol species are candidates 
for this role, as they readily react in the presence of 
‘NO to yield biologically reactive S-nitrosothiols 
that are more stable, and possibly more potent than 
'NO itself (Ignarro et al. 1981, Mendelsohn et al. 
1990). Sulfhydryl groups in proteins, and free cyste- 
ine and GSH represent an abundant source of re- 
duced thiol in biological systems. There is increas- 



ing evidence that at least part of the activity of 'NO 
is attributable to S-nitrosothiols derived from the 
reaction of ‘NO with intracellular thiol compounds 
like cysteine or GSH (Ignarro 1990, Myers et al. 
1990). S-Nitrosothiols may play the same role in the 
mechanism of action of endothelium-derived relax- 
ing factor (EDRF) as "NO; the potent and long- 
lasting effects of vasodilatation and platelet inhibi- 
tion that they cause are mediated by guanylate cy- 
clase activation (Ignarro et al. 1981, Mellion et 
al. 1983). These observations suggest that S- 
nitrosothiol groups in proteins may serve as inter- 
mediates in the cellular metabolism or bioactivity 
of 'NO and that their formation may represent an 
important cellular regulatory mechanism (Stam- 
ler et al. 1992). S-Nitrosothiols have also been pro- 
posed as biologically active intermediates in the 
metabolism of organic nitrates (Ignarro et al. 
1981, Mellion et al. 1983, Loscalzo 1985). 

The reactivity of 'NO with sulfhydryl (R-SH) 
groups depends on the electron configuration of its 
2p-n antibonding orbital, as reviewed by Stamler 
et al. (1992). The presence of one (radical) electron 
in this orbital does not ordinarily confer reactivity 
with R-SH groups, though it clearly allows reaction 
with thiyl radical species. On the other hand, loss of 
this electron to form NO + confers strong electrophi- 
licity and reactivity towards most biological R-SH 
species (Stamler et al. 1992, Arnelle et al. 1995). 
A second electron in the 2p-H orbital, forming NO", 
may under certain circumstances confer reactivity 
with relatively electropositive R-SH species, partic- 
ularly in the presence of ferrous ion or other transi- 
tion metals (Stamler et al. 1992, Arnelle et al. 
1995, Vanin et al. 1997). 

The reductive decomposition of S-nitrosogluta- 
thione by L-ascorbic acid yields 'NO which was 
monitored both electrochemically and spectropho- 
tometrically (Smith and Dasgupta 2000). The rate 
of reaction and ‘NO release was found to be pH de- 
pendent in a manner which dramatically increases 
with pH demonstrating that the L-ascorbic acid 
dianion is by far the most reactive species of l- 
ascorbic acid. S-Nitrosoglutathione is relatively sta- 
ble in the dark, aqueous medium and even in the 
presence of trace quantities of Cu 2+ . Induced cata- 
lytic decomposition of S-nitrosoglutathione only 
becomes significant above ca. 10 pM Cu 2+ , but be- 
yond this it shows linear dependency. 

Gorren et al. (1996) have suggested that the 
Cu + -promoted decomposition of S-nitrosoglutathi- 
one does not involve reoxydation of Cu + , since no 
complex formation occurred when the specific Cu 2+ 
chelator cuprizone was added. Noble et al. (1999) 
found that Cu 2+ is complexed more strongly to S- 
nitrosoglutathione than it is to cuprizone, since 
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when Cu 2+ was added to equal concentrations of 
cuprizone and S-nitrosoglutathione, no cuprizone 
complex was formed. However, they also found that 
cuprizone stopped the reaction of S-nitroso-N- 
acetylpenicillamine, added either at the start or af- 
ter ~ 60 % reaction. In this case the disulphide does 
not have an inhibiting effect on the reaction. 

One-electron reduction of S-nitrosoglutathione 
(GSNO) has been found to proceed via a pathway to 
give glutathione and nitric oxide (Atsipapa et al. 
1999): 

GSNO + e~ — *-GS~ + 'NO [90] 

rather than thiyl radicals and nitroxyl anion: 

GSNO + e-— ►GS’ + NO- [91] 

The carbon dioxide radical anion reacted with 
GSNO at a rate first-order in [GSNO] with k = 
7xl0 8 dm 3 moT 1 s" 1 . The differential absorption 
spectrum (product - reactants) after 100 ps, when 
reaction was complete, corresponded closely to the 
bleaching of the ground state of GSNO (/. max = 
34 nm). This indicates little (if any) production of 
GS’, which absorbs significantly at 250 - 450 nm. 
The lack of production of GS’ was confirmed by the 
negligible production of ABTS’" radical from 2,2’- 
azinobis(3-ethylbenzothiazoline-6-sulphonate), 
characteristic of oxidation of the chromophore. 

Atsipapa et al. (2000) used kinetic competition 
experiments involving superoxide reacting with 
GSNO, compared with its dismutation, to measure 
the reactivity of 0 2 ’“ to GSNO. Superoxide reacted 
with GSNO about seven orders of magnitude slower 
than superoxide dismutase. 

Noble and Williams (2000) speculated what 
might occur in vivo with reference of 'NO release 
from GSNO. At micromolar levels, ’NO will be gener- 
ated rapidly from GSNO if there is present a sufficient 
concentration (also around micromolar levels) of a 
Cu 2+ source (peptide of protein bound; Dicks and 
Williams 1996) together with again a low concentra- 
tion of a thiol or other reducing agent to effect Cu + 
formation. The importance of the transnitrosation 
process now loses its significance, although it may 
occur in parallel, but may be too slow at low thiol 
concentrations to compete. The same conclusion ap- 
plies to the possible enzymatic transformation, 
which leads to SNO-CysGly, which behaves much 
like GSNO at micromolar concentrations in its ability 
to generate ‘NO by the copper-catalysed reaction. 

Adrenaline and its cyclic derivatives (adreno- 
chrome and adrenolutin) may be oxidised by S- 



nitrosoglutathione (Rigobello et al. 2001). Adren- 
aline was first oxidised to adrenochrome that, after 
isomerization to adrenolutin, was further oxidised 
to products monitored as fluorescence decrease. To 
occur to a significant extent, this oxidation requires 
copper ions that, in addition to a direct effect on the 
oxidation of the o-diphenol moiety, are also able to 
compose nitrosothiols, giving rise to nitric oxide. 
The latter, after interaction with oxygen and super- 
oxide, produces nitrogen oxides and peroxynitrite, 
respectively, that are important contributors to the 
oxidative process. In this context, catecholamines 
might act as regulatory factors toward nitric oxide 
and its derivatives. 



Oxidation mechanism of adrenaline and its cyclic deriva- 
tives by the system GSNO/C 11 SO 4 in aerobic conditions. 
RH 2 , RH', and R indicate the o-diphenol, semiquinone, and 
o-quinone forms of adrenaline and its cyclic derivatives 


(leucoadrenochrome and adrenolutin), 
RIGOBELLO etal. 2001) 


respectively, (from 


RH 2 + 0 2 — ► RH’ +0 2 - + H+ 


[92] 


RH 2 + Cu 2+ — »-Cu 1+ + RH' + H+ 


[93] 


2 GSNO-Cu , + — »-GSSG + 2 'NO 


[94] 


RH 2 + 'NO — ► RH" + NO- + H+ 


[95] 


2 "NO + 0 2 — »-2 "N0 2 


[96] 


RH 2 + "N0 2 — »-RH" + HN0 2 


[97] 


0 2 + 0 2 — *~h 2 o 2 + 0 2 


[98] 


•NO + Oy— -ONOO— H+--ONOOH 


[99] 


2RH 2 + ONOOH — RH’ + HN0 2 + H 2 0 


[ 100 ] 


6 RH" — *-3 RH 2 + 3 R 


[ 101 ] 



Vanin et al. (2002) analysed the influence of copper 
and iron ions on the process of decomposition of S- 
nitrosocysteine, the most labile species among S- 
nitrosothiols. Copper or iron ions, especially in the 
presence of the reducing agent ascorbate, acceler- 
ated the decomposition of S-nitrosocysteine and 
markedly attenuated the amplitude and duration of 
the relaxant effect of S-nitrosocysteine. By contrast, 
the iron and copper chelators bathophenantroline 
disulphonic acid and bathocuproine disulphonic 
acid exerted a stabilizing effect on S-nitrosocyste- 
ine, prolonged its vasorelaxing effect, and abolished 
the influence of ascorbate. In the presence of ascor- 
bate, bathophenantroline disulphonic acid dis- 
played a selective inhibitory effect toward the influ- 
ence of iron ions (but not toward copper ions) on 
S-nitrosocysteine decomposition and vasorelaxant 
effect, while bathocuproine disulphonic acid pre- 
vented the effects of both copper and iron ions. 

Although inhibition of NOS, transfection with 
iNOS, or addition of ’NO donors did not affect ma- 
trix metalloproteinase-9 induction in airway epi- 
thelial cells by inflammatory cytokines, addition of 
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S-nitrosothiols dramatically inhibited matrix 
metalloproteinase-9 expression, which was potenti- 
ated by depletion of cellular GSH (Okamoto et al. 
2002). Cytokine-induced matrix metalloproteinase- 
9 expression involves the activation of the tran- 
scription factor NF-xB, and S-nitrosothiols, in con- 
trast to "NO, were found to inhibit cytokine- 
induced nuclear translocation and DNA binding of 
NF-xB. 

6.2.14 

Cell Protection Against NO* 

Both in vivo and in vitro cell protection against the 
peroxynitrite anion and the nitrogen dioxide radi- 
cal was demonstrated for |3-carotene in the pres- 
ence of vitamin E and ascorbic acid (Bohm et al. 
1998). 



N0 2 + Carotene — 


► N0 2 " + Carotene' + 


[102] 


R0 2 + a-Tocopherol — 


— »-a-Tocopherol' + H + 


[103] 



In the presence of ascorbic acid (Asc), Bohm et al. 
(1998) observed a synergistic rather than an addi- 
tive effect in their studies in human lymphoid and 
Jurkat cells and this implied an interaction between 
these individual anti-oxidant components. 



Carotene" 1- = AscH — 


-►Carotene + Asc' + H + 


[104] 


Carotene" 1- = AscH 2 — 


-► Carotene + AscH' + H + 


[105] 



While there is direct evidence for the regeneration 
of the parent carotenoid from its radical cation via 



ascorbic acid, an interaction between a-tocopherol 
and carotene is more speculative. In polar environ- 
ment a-tocopherol’ + would be rapidly deprotonated 
(Parker and Bisby 1993) so that no interaction 
between a-tocopherol’ + and carotene would be pos- 
sible. Indeed, for the water-soluble vitamin E ana- 
logue, Trolox C, they saw the quenching of caro- 
tene^ by Trolox C. 

Tsuchihashi et al. (1995), using 2,2’-azobis(2,4- 
dimethylvaleronitrile) as a radical initiator and con- 
ventional spectroscopic techniques, suggested that 
any protective effect of (3-carotene which they ob- 
served was not due to carotene‘ + production, but 
rather due to the formation of uncharged species 
via addition reaction of the type: 

L0 2 ' + Carotene — LOO — Carotene' 

— »" 02 LOO — Carotene-OO' [106] 

where L0 2 " is a peroxyl radical deep inside the non- 
polar region of the membrane. 

The glutathione redox system may regulate NO x - 
mediated protein thiol modification by participat- 
ing in the repair of protein thiols modified by NO* 
(Padgett and Whorton 1997). Many protein thi- 
ols have pK a values lower than free cysteine and are 
therefore more reactive toward NO*. These protein 
thiols would be expected to react preferentially with 
NO* over glutathione. The observed requirement 
for glutathione may thus be to reverse the nitrosyla- 
tion of protein thiols in a manner similar to the role 
for glutathione in reversing protein thiols oxidized 
by H 2 0 2 . 






PART II 



Respiratory System: 
Orthology and Pathology 



CHAPTER 7 



Tracheo-bronchial Epithelium 



While the tracheal epithelium of man is pseudo- 
stratified and columnar, in the rat it is of a simple 
columnar type (Rhodin 1959). 

7.1 

Cell Types 

The tracheal epithelium consists of mainly four 
kinds of cells: ciliated cells, goblet cells, brush cells, 
and basal cells (Rhodin and Dalhamn 1956). In 
the rat’s bronchial epithelium, Jeffery and Reid 
(1975) recognised eight epithelial cell types and two 
mesenchymal ones (which are probably migratory). 
All epithelial cells were attached to the basement 
membrane, but not all reached the airway lumen: 

1) Ciliated 

2) Serous 

3) Clara 

4) Goblet 

5) Intermediate 

6) Brush 

7) Basal 

8) Kulchitsky. 

In the mouse, Taira and Shibasaki (1978) distin- 
guished four types of cells: ciliated cells, goblet 
cells, basal cells, and non-ciliated cells. Pack et al. 
(1980) found mouse tracheal epithelium markedly 
different from that of other species. However, the 
near absence of goblet cells and the presence of a 
large number of secretory Clara-like cells make it 
similar to the distal airways of other species. 

In the trachea of the guinea pig, Dalen (1983) 
recognised four epithelial cells: basal cells, goblet 
cells, ciliated cells and intermediate cells. 

In the pig, Baskerville (1970b) described cili- 
ated cells, goblet cells, basal cells, and intermediate 
cells. Brush cells were not seen, although they have 
been described in bronchioli of the pig (Basker- 
ville 1970a). 

In the sheep, Mariassy and Plopper (1983) ob- 
served 6 distinct, granule-containing secretory 
cells: 4 mucous cell categories (M1-M4), serous 
cells, and nonciliated bronchiolar (Clara) cells. 



Smooth endoplasmic reticulum was observed only 
in M3 (33.8 %) and Clara cells (49 %). Granular en- 
doplasmic reticulum was most abundant in serous 
(21%) and least plentiful in M4 (2.2%) cells 
(Mariassy and Plopper 1984). 

7.1.1 

Ciliated Cells 

The elongated ciliated cells stand on the basement 
membrane and reach the cell surface, this distance 
being about 15 pm in the tracheal epithelium of the 
male Wistar rat (Rhodin and Dalhamn 1956, 
p. 348) and 28 pm in the bronchial epithelium of the 
mongrel dog (Schiller 1958). In transverse sec- 
tions they are polygonal. 

7. 1.1.1 
Kinocilia 

The kinocilia are evenly distributed over the cell 
surface with a distance of about 300-400 nm from 
centre to centre. This makes, with a cell surface area 
of 33 pm 2 , a total number of about 270 cilia per cell 
(Rhodin and Dalhamn, l.c. p.357). The cilia have 
a length of about 5 pm and a mean width of 
240 nm. They are covered by a unit membrane (Ro- 
bertson 1959, 1960) 7 nm thick. In transverse sec- 
tions they have a circular form and possess a ring of 
9 peripheral and 2 central filaments. 

Cilia longer than 8 pm have not been found in 
healthy mammals (Menco 1980). In a patient de- 
scribed by Afzelius et al. (1985), the cilia were 
10-13 pm long. The clearance rate for radioactively 
labelled albumin microspheres was 0.30 % in the 
left lung and 0.42 % in the right lung (normal value 
1.50 %). In a patient described by Niggemann et al. 
(1992), the cilia were up to about 15 pm long. The 
saccharine transport test showed slightly prolonged 
transport time. The frequency of the ciliary beat 
was decreased to 7.5 Hz (normal value for children 
is above 10 Hz). 

Contrary to the situation in the usual types of 
immotile cilia syndrome, the proportion of ciliated 
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cells is increased, not decreased, in the long cilia 
syndrome. The number of cilia per cell may be nor- 
mal (Afzelius et al. 1985) or increased (Nigge- 
mann et al. 1992). 

It will be evident from the figures presented 
above that mucociliary clearance is defective. 
Ghadially (1997) stated two reasons for this: (1) 
the long cilia beat slowly like flagella (reduced beat 
frequency); and (2) the long cilia may pile up and 
block small bronchioles. The long cilia syndrome is 
classified as a subgroup of immotile cilia syndrome, 
in which ciliary dyskinesis stems from abnormally 
lung cilia, and not from defects in the axonome. 

In 15 out of 20 apparently healthy domestic pigs, 
Radner and Stockinger (1992) observed ex- 
tended aggregates of intracellular axonemal deriva- 
tives within the apical cytoplasm. They are more 
likely to be due to a failure of ciliary maturation 
than to a degradation of incorporated mature cilia. 

Microtubules are essential organelles involved in 
ciliary function. Tectins, which share some struc- 
tural homology with intermediate filament proteins 
but are uniquely different, could act to stabilize the 
pf-ribbon located in the doublet microtubule and 
thus the microtubule itself (Linck 1995). 

7. 1.1. 2 
Microvilli 

In the trachea of the rat, the filiform projections 
have a length of 0.8-1 pm and a width of 
100-150 nm (Rhodin and Dalhamn 1956). In a 
tangential section just above their bases there are 5 
projections per pm 2 . The projections are bordered 
by a unit membrane 9 ± 0.2 nm thick. 

7. 1.1.3 

Zonula Ocdudens 

By freeze-fracturing Bartels (1981) depicted a 
zonula occludens at the transition from apical to 
lateral plasmalemmata of the ciliated and Clara 
cells of the bronchiolar epithelium of the rat. The 
lateral cell membrane of the ciliated cells showed 
square arrays of particles. 

7.1. 1.4 

Mitochondria 

The human bronchial mucosa shows mitochondrial 
aggregates in the apical cytoplasm adjacent to the 
ciliary border (Ghadially 1997). 



7.1. 1.5 

Golgi Apparatus 

The Golgi complex is located in the supranuclear 
region (Dalen 1983). 

7.1. 1.6 

Histochemistry 

Ciliated epithelial cells of the cat trachea demon- 
strate diffuse immunoreactivity for cyclic AMP, 
more intense at the apex, sparing nuclei (Lazarus 
et al. 1984). 

In vitro, the amount of a histochemically detect- 
able 100-kDa ATPase subunit in human nasal turbi- 
nate epithelium correlated with dynein activity and 
thus with ciliary activity (Schutz et al. 2002). 

Immunohistochemical analysis of the distribu- 
tion of P 450 reductase in lung tissue demonstrated 
that in the control mice this enzyme was expressed 
most strongly in the ciliated cells of the proximal 
and distal bronchi and in the Clara cells of the small 
or terminal bronchioles (Lim et al. 1998). Cu/Zn su- 
peroxide dismutase and Mn superoxide dismutase 
were detected primarily in the ciliated cells of the 
bronchial epithelium. 

Endogenous peroxidase activity was demon- 
strated in ciliated cells and secretory cells of the la- 
ryngeal epithelium and gland of rats (Kataoka 
1971). In the septum nasi and trachea of Swiss mice, 
Bock (1973) found less numerous peroxisomes 
than there were in the oviduct ciliated cells. 

Both plasma membrane association and non- 
association of guanylate cyclase (EC 4. 6. 1.2) activ- 
ity and soluble guanylate cyclase protein were 
found in ciliated cells of the rodent respiratory epi- 
thelium (Gossrau et al. 2001). 

The monoclonal antibody, RTE3, specifically re- 
acts with the plasma membrane of ciliated rat tra- 
cheal epithelial cells cultured on collagen gel-coated 
membranes at an air-liquid interface in hormone- 
and growth factor-supplemented medium (Clark 
et al. 1995). 

ERM (ezrin/moesin/radixin), three actin-binding 
proteins, which link actin filaments to the plasma 
membrane (Tsukita et al. 1997), are primary 
located in microvilli on the apical surface of epithe- 
lial cells, although they have also been observed at 
intercellular boundaries (Bretscher et al. 1997). 

Multi-drug resistance associated protein (MRP), 
member of the ATP binding Cassette transporter 
proteins, is particularly involved in glutathione- 
conjugates detoxification. In human bronchial cili- 
ated cells MRP mRNA immunostaining was ob- 
served at the basolateral plasma membrane (Bre- 
chot et al. 1997). 



7.1 Cell Types 147 



Using primary passage- 1 human tracheobron- 
chial epithelial cell cultures and an immortalised 
human bronchial epithelial cell line, HBE1, Harper 
et al. (2001) observed that tumour necrosis factor-a 
enhanced nuclear factor-xB (NF-xB) transcrip- 
tional activity. TNF-a activation coincided with 
translocation of NF-xB p65 from the cytoplasm to 
the nucleus. Pre-treatment with N-acetylcysteine 
(1-10 mM) inhibited TNF-a-induced activation of 
NF-xB transcriptional activity and IL-8 promoter- 
mediated reporter gene expression. In contrast, ele- 
vated thioredoxin protein levels in cells enhanced 
TNF-a-dependent NF-xB transcriptional activity 
and IL-8 promoter activity. 

7.1.2 

Serous Cells 

The serous cell of the rat has a relatively electron- 
lucent cytoplasm but also abundant rough endo- 
plasmic reticulum. Its secretory granules are dis- 
crete and electron dense and do not fuse with one 
another. Spicer et al. (1990) found numerous mito- 
chondria ranging from slightly larger than normal 
to several micrometers in diameter (giant) in about 
one-half of the serous secretory cells in the surface 




Fig. 58. Apical part of a “serous” bronchiolar epithelial cell of 
an unmedicated female white rat (breeder: Winkelmann, 
Borchen-Kirchborchen) fixed on January 15, 1968 under me- 
thitural anaesthesia by intratracheal instillation of 2.5 % glu- 
taraldehyde in phosphate buffer (pH 7.4) before opening the 
thorax. Postfixation with 1 % osmium tetroxide in phosphate 
buffer (pH 7.4). Contrasted en bloc with 0.5 % uranyl acetate 
in 70% ethanol. Embedded in a 2:8 mixture of methyl and 
butyl methacrylate. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Film 203/84 




Fig. 57. A non-ciliated cell from a bronchiole of an unmedi- 
cated female white rat (breeder: Winkelmann, Borchen- 
Kirchborchen) fixed on January 15, 1968 under methitural 
anaesthesia by intratracheal instillation of 2.5 % glutaralde- 
hyde in phosphate buffer (pH 7.4) before opening the thorax. 
Postfixation with 1 % osmium tetroxide in phosphate buffer 
(pH 7.4). Contrasted en bloc with 0.5 % uranyl acetate in 70 % 
ethanol. Embedded in a 2:8 mixture of methyl and butyl 
methacrylate. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Film 202/84 



epithelium of the normal gerbil trachea and proxi- 
mal bronchi. 

In addition to producing the glycoproteins to be 
added to the bulk phase of the mucous blanket, se- 
rous cells produce specific substances, which are 
probably important in defence against infectious 
agents. By immunoperoxidase staining, the gran- 
ules in the serous cells of the seromucous tracheo- 
bronchial glands contain lysozyme (Bowes and 
Corrin 1977, Bals 1997), an enzyme which is ac- 
tive in the hydrolysis of components of certain 
gram-positive bacterial cell walls, and lactoferrin, 
an iron-containing protein which catalyses hydroxyl 
radical production (Ambruso and Johnston Jr 
1981, Winterbourn 1983). Banister et al. (1982) 
demonstrated hydroxyl radicals, measured by PER 
spin trapping and by ethylene production from a- 
keto-y-methiol butyric acid to be produced by a 
Fenton-type Haber- Weiss reaction catalysed by lac- 
toferrin. 

A protease inhibitor with a low molecular weight 
of about 15 kDa inhibits the activity of the 
leucocyte-derived proteases cathepsin G (EC 
3.4.21.20) and elastase (EC 3.4.21.37) (Mooren et 
al. 1982). This protease inhibitor has been called 
“antileucoprotease”. Its importance lies in the fact 
that during infection the bronchial mucosa be- 
comes purulent and leucocytes degenerate, die, and 
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Fig. 59. Five serous cells and a brush cell (B) from the tra- 
cheal epithelium (block 675) of an unmedicated 200 g male 
rat. On June 1, 1976 under pentobarbital anaesthesia (30 mg/ 
kg), the animal was perfused from the abdominal aorta with 
2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer 
(pH 7.4). Postfixation with 1 % osmium tetroxide in sodium 
cacodylate buffer. Embedded in Epon 812 and sectioned at 
50 nm. Lead citrate and uranyl acetate. Plate 3301 




Fig. 60. Supranuclear regions of two serous cells and a brush 
cell (B) from the tracheal epithelium (block 675) of an un- 
medicated 200 g male rat. On June 1, 1976 under pentobarbi- 
tal anaesthesia (30 mg/kg), the animal was perfused from the 
abdominal aorta with 2.5 % glutaraldehyde in 0.1 M sodium 
cacodylate buffer (pH 7.4). Postfixation with 1 % osmium te- 
troxide in sodium cacodylate buffer. Embedded in Epon 812 
and sectioned at 50 nm. Lead citrate and uranyl acetate. Plate 
3302 



release potentially injurious proteases. Presumably, 7 . 1.3 
the antileucoprotease prevents damage to the cells Clara Cells 
lining the airways by inactivating the protease 

(Kuhn III 1985). Nonciliated bronchiolar epithelial cells were first 

described by Koelliker (1881), but the earliest de- 
tailed study was that of Clara (1937), after whom 
they were named by Policard (1955). 



Table 16. Scanning electron microscopy of Clara cells 



Species Author(s) 



Man 

Macaca mulatta 
Macaca arctoides 
Cat 
Rat 



Mouse 

Guinea pig 
Rabbit 
Goat 
Horse 



Ebert and Terracio (1975), Kuhn III (1988) 

Castleman et al. (1975), Plopper and Dungworth (1987) 

Castleman et al. (1975) 

Plopper and Dungworth (1987) 

Andrews (1981), Hung et al. (1982), Doster et al. (1983), Fortoul et al. (1983), Imamura et al. 
(1983), Dinsdale et al. (1984), Gandy et al. (1984), Konno et al. (1984), Plopper and Dungworth 
(1987), Pankow et al. (1989), Suzuki et al. (1992), Peao et al. 1993) 

Mahvi et al. (1977), Obara et al. (1979), Pack et al. (1980), Widdicombe and Pack (1982), ten 
Have-Opbroek (1986), Forkert and Troughton (1987), Moussa and Forkert (1992) 

Davis et al. (1984) 

Morgenroth and Hoerstebrock (1978, Plopper et al. (1983), Scheuermann (1987) 

Breeze and Wheeldon (1977) 

Drommer et al. (1987) 
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Fig. 61. Rudolf Albert von Koelliker (1817-1905). Oil 
painting is the property of the Department of Anatomy, 
Wurzburg University (courtesy Prof. Drenckhahn) 




Fig. 62. Max Clara (1899-1966) in his laboratory at the De- 
partment of Anatomy, Leipzig University, mounting stained 
slices from celloidin-embedded materials (April 3, 1941) 



In the light microscope, Clara cells appear co- 
lumnar, have a deeply invaginated central nucleus, 
and protrude beyond the ciliated cells. The cell apex 
is often crowned by a round or fingerlike process, a 
large vacuolated droplet to which is sometimes at- 
tached a second or third droplet with clear, almost 
transparent contents (Clara 1937, Etherton et al. 
1973). 

7.1.3. 1 

Ultrastructure 

7. 1.3. 1.1 
Granules 

In primates, including man, the Clara cell has the 
features of a serous secretory cell that produces a 
protein-rich secretion. 



Several granule types with morphologically dis- 
tinct contents are bounded by unit membranes. In 
the rat, Young et al. (1986) described dark granules 
without a crystalline substructure and light gran- 
ules with an eccentric dense core ultrastructurally 
similar to the granules in tracheal mucus goblet 
cells. Rod-shaped granules varying up to 4 pm in 
length and with a diameter between 60 and 400 nm, 
showing 9 to 10 nm filaments in a pale matrix and 
always surrounded by a unit membrane were found 
in the apical cytoplasm or at the lateral sides of the 
cell nucleus (Baert and Vandenberghe 1981). 
Three-dimensional reconstruction showed the rod 
granule to be a flattened oval, sometimes like a 
plate (Young et al. 1986). Only rarely did they ap- 
pear rod-shaped three-dimensionally. 



Table 17. Quantification of Clara cells 



Parameter 


EM 


Reference 


Cell number per area 


SEM 


Gandy et al. (1984) 


Mean diameter [/an] 


SEM 


Gandy et al. (1984) 


Height [/r m] 


TEM 


Plopper et al. (1983), Mariassy and Plopper (1984) 


Width [pm] 


TEM 


Plopper et al. (1983), Mariassy and Plopper (1984) 


Volume density of cell components (nucleus, smooth 
ER, glycogen, smooth ER/glycogen, mitochondria, 
rough ER, secretory granules, Golgi apparatus) 


TEM 


Plopper et al. (1983), Mariassy and Plopper (1984) 
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7. 1.3. 1.2 
Mitochondria 

In the rabbit, mitochondria in the Clara cells appear 
of two types (Hook et al. 1990): One form is nor- 
mal with prominent cristae and the other form is 
larger, generally rounded, and contains a few indis- 
tinct cristae. An apparent continuity between the 
large and small forms suggests that the different 
forms must be closely related. 

In the guinea pig, Davis et al. (1984) observed 
two different populations of mitochondria through- 
out the cytoplasm of the most Clara cells of the ter- 
minal bronchioles. A few ellipsoid mitochondria 
with typical cristae were interspersed among large, 
oval mitochondria which were characterised by 
sparse cristae. The large mitochondria, were some- 
what more electron dense than the smaller ones 
and the larger organelles were easily visible with 
the light microscope. 

In the gerbil, Clara cells contained abundant giant 
mitochondria in addition to normal tubular mito- 
chondria and the second population of enlarged 
spherical mitochondria that have been described in 
the Clara cells of several genera (Spicer et al. 1990). 
A survey of a number of cell types in gerbils failed to 
disclose hypertrophied mitochondria outside the 
tracheobronchial surface epithelium and bronchi- 
oles. The mitochondrial enlargement resulted from 
an increase of matrix but not cristae. The expansion 
of matrix displaced the relatively sparse cristae into 
small collections compressed against the outer 
membrane. The prevalence of giant mitochondria 
and of granular endoplasmic reticulum was similar 
among cells, and these two organelles were codistri- 
buted within cells. The megamitochondria and 
granular reticulum occupied a central stratum, 
whereas normal mitochondria occurred in the api- 
cal and basal regions. 

7. 1.3. 1.3 

Endoplasmic Reticulum 

In the rabbit, the largest concentration (20 %) of 
granular endoplasmic reticulum in the Clara cells 
was found in 27-day old foetuses (Plopper et al. 
1983). This was a statistically significant difference 
from all postnatal age groups 1 week and older, ex- 
cept at 5 weeks. The lowest concentration was 
found in 25-week-old postnatal animals, and was 
significantly lower than in all other age groups ex- 
cept the 12- and 17-week-old animals. Granular en- 
doplasmic reticulum constituted about 15% of the 
cytoplasm in the other foetal and the neonatal age 
groups and varied between 7 and 15 % in the other 
postnatal age groups. 



In mice and rats, but not humans, the smooth en- 
doplasmic reticulum of the Clara cell tends to pre- 
sent as a meshwork of branching tubules and/or 
vesicles. It is believed to be involved in the detoxifi- 
cation of drugs. Evidence demonstrating that the 
Clara cell is the primary site of cytochrome P-450 
monooxygenase activity within the lung derives 
from four different approaches: 

• immunocytochemical localisation with anti- 
bodies specific for cytochromes; 

• autoradiographic demonstration of binding of 
compounds that are substrates of the system; 

• identification of enzyme activity in isolated cells; 

• characterisation of the pathogenic response to 
xenobiotic compounds which are substrates (see 
section 7.3.3). 

Table 18. Types of Clara cells 
Ultrastructure of the luminal projections 

1. Agranular endoplasmic reticulum 

2. Agranular endoplasmic reticulum showing vesicular dila- 
tation 

3. Agranular endoplasmic reticulum + mitochondria 

4. Agranular endoplasmic reticulum + secretory granules 

5. Densely packed secretory granules 



The prominent organelle in the cytoplasm of Clara 
cells from both wild-type strain 129 and Clara cell 
secretory protein -/- 129 mice is the smooth endo- 
plasmic reticulum, which occupies about 20 % of 
the cell cytoplasm (Stripp et al. 2002). Despite the 
similarities in abundance there were two aspects of 
the smooth endoplasmic reticulum that differed 
markedly between both genotypes of mice. First, 
electron-dense material that was abundant within 
the lumen of smooth endoplasmic reticulum of 
Clara cells from wild-type mice was not as evident 
within the lumen of smooth endoplasmic reticulum 
of Clara cells from Clara cell secretory protein -/- 
129 mice. Second, Clara cells from Clara cell secre- 
tory protein -/- 129 mice were unique in that they 
possessed large concentric whorls of endoplasmic 
reticulum located within the apical portion of the 
cell. Membrane-bound inclusions, which appeared 
to be surrounded by at least one layer of endoplas- 
mic reticulum, were found at the centre of these 
whorls and contained material of varying electron 
density and compaction. Some of these inclusions 
had the characteristics of mitochondria based on 
the presence of crista-like membrane inclusion. 
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Fig. 63. A Clara cell between ciliated cells from the tracheal 
epithelium (block 675) of an unmedicated 200 g male rat. On 
June 1, 1976 under pentobarbital anaesthesia (30 mg/kg), the 
animal was perfused from the abdominal aorta with 2.5 % 
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4). 
Postfixation with 1 % osmium tetroxide in sodium cacodylate 
buffer. Embedded in Epon 812 and sectioned at 50 nm. Lead 
citrate and uranyl acetate. Plate 3297 



Fig. 65. Prominent endoplasmic reticulum and ovoid elec- 
tron-dense secretory granules in the apical cap of a type 4 
Clara cell from a bronchiole (block 465) of a male rat 
(No. 5/104 E) which inhaled 71.5 mg trimethylol melamine 
(Madurit) dust/1 for a total of 32 h 30 min on 4 consecutive 
days. Fixed under pentobarbital anaesthesia (30 mg/kg) by 
intratracheal instillation of 2.5 % glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4) before opening the 
thorax. Postfixation with 1 % osmium tetroxide in sodium 
cacodylate buffer. Embedded in Epon 812 and sectioned at 
50 nm. Lead citrate and uranyl acetate. Plate 4050 




Fig. 64. Apical part of a type 4 Clara cell from a bronchiole of 
a female white rat (No. 5; breeder: Winkelmann, Borchen- 
Kirchborchen) which inhaled 10 mg powdered Grangesberg 
magnetite/m 3 4 h per day, 5 days per week from August 24 to 
October 19, 1967 for a total of 40 days. Fixed on January 15, 
1968 under methitural anaesthesia by intratracheal instilla- 
tion of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) 
before opening the thorax. Postfixation with 1 % osmium te- 
troxide in phosphate buffer (pH 7.4). Contrasted en bloc for 
12 h with 0.5% uranyl acetate in 70% ethanol. Embedded in 
a 2 : 8 mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Film 239/84 
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Fig. 66. Electron dense large inclusions in the cytoplasm pre- 
senting a stippled appearance, which at high magnification 
was shown to he due to a regular arrangement of minute hex- 
agonal globules or tubes. Bronchiolar Clara cell (type 4) from 
a female rat (No. 4; breeder: Winkelmann, Borchen- 
Kirchborchen) which inhaled 10 mg powdered aluminium/m 3 
4 h per day, 5 days per week from August 16 to October 27, 
1967 for a total of 51 days. Fixed on January 15, 1968 under 
methitural anaesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc for 12 h with 0.5 % 
uranyl acetate in 70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Film 601/86 




Fig. 67. Rod-shaped granules and a multivesicular body in a 
Clara cell (block 4797) from an unmedicated male Sprague- 
Dawley rat (Charles River, France). On July 10, 1979 under 
pentobarbital anaesthesia (30 mg/kg), the animal was per- 
fused from the abdominal aorta with 2.5 % glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.4). Postfixation with 
1 % osmium tetroxide in sodium cacodylate buffer. Embed- 
ded in Epon 812 and sectioned at 50 nm. Stained with lead 
citrate and uranyl acetate. Film 893/85 



Fig. 68. Type 5 Clara cell from a bronchiolus of a female 
white rat (breeder: Winkelmann, Borchen-Kirchborchen), 
which received intramuscular injection of 150 mg DL-ot- 
tocopherol acetate in a colloidal solution (Ephynal) per kg 
body weight x day, 5 days per week from April 12 to June 12, 
1967 for a total of 40 days. Fixed on June 12, 1967 under 
methitural anaesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc for 12 h with 
0.5 % uranyl acetate in 70 % ethanol. Embedded in a 2 :8 
mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 278/12 
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7. 1.3. 1.4 
Lysosomes 

In most Clara cells of the rat Smith et al. (1974) 
found three or four large lysosomes (average diam- 
eter 550 nm). These were usually circular or occa- 
sionally oval in section and were bounded by a 
membrane. 

7. 1.3. 1.5 
Peroxisomes 

Peroxisomes are ubiquitous, spherical, organelles 
bounded by a single membrane and having a diam- 
eter of 100 nm to 1 qm in eukaryotes. They contain 
at least one H 2 0 2 -producing oxidase and H 2 0 2 - 
decomposing catalase (EC 1.11.1.6). 

The theory of the endosymbiotic origin of the 
peroxisome, while more problematic than that of 
the mitochondrium, has some support (e.g. de 
Duve 1969, Cavalier-Smith 1987, Borst 1989, 
Igual et al. 1992). Catalase is the prototypical per- 
oxisomal enzyme, and even cytoplasmic catalase is 
apparently derived from peroxisomes (e.g., Mas- 
ters and Crane 1995). This arrangement is advan- 
tageous to the host cell because the properties of 
catalatic and peroxidatic reactions suggest that cat- 
alase is a more effective regulator of the concentra- 
tion of intracellular H 2 0 2 than the mitochondrial 
glutathione (Chance 1969, Chance et al. 1979). 
While mitochondria possess a small genome and 
are thus capable of heritable variation and evolu- 
tion, peroxisomes lack a genome and therefore can- 
not be a unit of evolution. Locating catalase, the en- 
zyme best able to regulate the concentration of in- 
tracellular H 2 0 2 , in the peroxisome effectively gives 
the nucleus greater control over H 2 0 2 and thus con- 
trol over signalling with this molecule as well 
(Blackstone 1998). 

The peroxisomal membrane forms a permeabil- 
ity barrier for a wide variety of metabolites re- 
quired for and formed during fatty acid |3-oxidation 
(succinate, malate, acetylcarnitine, carnitine, 2- 
oxoglutarate, isocitrate and oxalo acetate). Continu- 
ous (3-oxidation depends on the availability of acyl- 
CoA, NAD + , NADPH, free coenzyme A and on ex- 
port of acetyl groups. During |3-oxidation of fatty 
acids, NAD + is reduced to NADH. For continuation 
of |3-oxidation, NADH must be re-oxidised to 
NAD + . Evidence for a crucial role of intraperoxiso- 
mal NAD + came from van Roermund et al. (1995). 



7.1.3. 1.6 

Multivesicular Bodies 

The term multivesicular body is employed to de- 
scribe a vacuole containing vesicles set in a lucent 
or dense matrix. The data of Robineaux et al. 
(1980) on phytohaemagglutinin-transformed lym- 
phocytes clearly demonstrated that the pale multi- 
vesicular bodies have an endocytic origin. Matura- 
tion of ‘early’ or ‘sorting’ endosomes involves the 
removal of residual, recycling surface receptors, de- 
livering of lysosomal hydrolases, and involution of 
the surrounding membrane to form multivesicular 
bodies (Futter et al. 1996). Multivesicular body 
fractions prepared from the livers of oestradiol- 
treated rats were positive for acid phosphatase (EC 
3. 1.3.2) and arylsulfatase (EC 3. 1.6.1), consistent 
with the prelysosomal nature of this department 
(Jost-Vu et al. 1986). Having delivered their cargo 
to lysosomal hydrolases, mannose-6-phosphate re- 
ceptors are removed and recycled to the trans-Golgi 
network before the late endosomes fuse with the ly- 
sosomes. Cholesterol is required for the cation- 
independent mannose 6-phosphate receptor exit 
from multivesicular late endosomes to the Golgi 
(Miwako et al. 2001). 

From three-dimensional reconstruction of rat 
nonciliated bronchiolar (Clara) cells, Young et al. 
(1986) found a significant polarisation of the multi- 
vesicular bodies toward the Golgi. This is consistent 
with a metabolic or a precursor-product relation- 
ship between these structures and secretory gran- 
ules as has been proposed for the type II pneumo- 
cytes (Chevalier and Collet 1972). 

7.1.3. 1.7 
Nucleus 

The nucleus has a basal location, and the Golgi ap- 
paratus is perinuclear in location. In the rat. Smith 
et al. (1974) found the nucleus situated in the mid- 
dle zone. It is elongated and bilobed, the arms of 
the lobes pointing towards the base of the cell. This 
is in contrast to the ciliated cells in which the nu- 
cleus is oval and not divided into lobes. 

7. 1.3. 2 

Histochemistry 

Table 19. Secretory Products of Clara Cells 

1. Clara cell 10-kDa protein/uteroglobulin 

2. Surfactant proteins A, B, and D 

3. Leucocyte protease inhibitor 

4. 29 kDa |3-galactoside binding lectin 

5. Trypsinlike protease 
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7. 1.3. 2.1 

Periodic Acid-Schiff Reaction 

Clara cells are negative for saccharides detectable 
by the periodic acid-Schiff reaction or with 
methenamine-silver (Schiller 1962). 

7.1.3.2.2 

Glutathione Biosynthesis 

The GSH content of freshly isolated rabbit Clara 
cells was 2.03 ±0.59 nmol/10 6 cells; it was depleted 
to 0.75 ±0.06 nmol/10 6 cells by incubating with 
200 /j,M diethyl maleate for 20 min (Horton et al. 
1987). Cysteine was best able to support resynthesis 
of GSH. There was no evidence for participation of 
a cystathionine pathway for glutathione synthesis. 
In steady-state conditions, the GSH measured in 
isolated mouse Clara cells was in the femtomole 
range, but varied 4-fold between individual cells 
(West et al. 2000). Clara cells analysed in situ and 
in vitro confirmed this heterogeneity. The response 
of these cells to compounds that modulate GSH was 
also variable. Dimethylmaleate depleted GSH, 
whereas GSH monoethylester augmented it. How- 
ever, both acted nonuniformly in isolated Clara 
cells. The depletion of intracellular GSH caused a 
striking decrease in cell viability upon incubation 
with naphthalene. 

7.1.3.2.3 

Clara Cell 10-kDa Protein/Uteroglobulin 

Clara cell secretory protein, known by a number of 
other names including urinary protein 1, uteroglo- 
bulin (Peri et al. 1995, Mukherjee et al. 1999), 
PCB-binding protein, and Clara cell 10 kDa protein 
(Mantile et al. 1993, Dodge et al. 1994, Singh and 
Katyal 1997) has been described as a “multifunc- 
tional protein”. 

Clara cell 10-kDa protein (CC10), composing 7 % 
of the total protein in normal bronchioloalveolar 
fluid, is the major protein product of the Clara cells 
that are precursors for neoplastic and non-neo- 
plastic peripheral airway epithelia (Van Winkle et 
al. 1996). CC10 protein and mRNA-containing cells 
have been detected throughout the human tracheo- 
bronchial tree with the greatest abundance in the 
distal airways (Broers et al. 1992, Linnoila et al. 
1992, Jensen et al. 1994). During epithelial injury, 
CC10 is coexpressed with an increasing number of 
pulmonary neuroendocrine cells (Stripp et al. 
1995, Reynolds et al. 2000). Khoor et al. (1996) 
have detected a close spatial relationship between 
CC10 and neuroendocrine foci insofar as to con- 
clude an interaction between them during lung de- 



velopment. To further assess the in vivo role of 
CC10 during carcinogenesis and neuroendocrine 
differentiation, Castro et al. (2000) studying the 
lungs of CC 10-deficient mice suggested that this 
protein may not be critical for normal neuroendo- 
crine cell ontogenesis. 

7.1. 3.2.4 

29 kDa p-Galactoside-Binding Lectin 

A 29 kDa |3-galactoside-binding lectin is secreted by 
brochiolar Clara cells of the rat (Wasano and Ya- 
mamoto 1989). Pneumocin (M r 165 kDa) is a sia- 
loglycoprotein decorating the surface membrane of 
the Clara cells, but not that of the neighbouring cili- 
ated calls (Lwebuga-Mukasa 1991). 

7.1. 3.2.5 
Lipoproteins 

The lipoprotein dye, luxol fast blue, gave a strong 
reaction in the Clara cells but a very weak reaction 
in the ciliated bronchiolar epithlial cells and the al- 
veolar cells (Azzopardi and Thurlbeck 1969). 
Phosphomolybdic acid, that preferentially reacts 
with lecithin and choline but not with phosphatidyl 
serine, stained Clara cells intensely only after pre- 
treatment for 5 min with 25 % acetic acid. 

7. 1.3. 2.6 

Polypeptide Hormones 

Both transforming growth factors (TGF)-()i and 
TGF-(3 3 mRNA transcripts were present in normal 
mouse lung, and gene expression for both isoforms 
was predominant in bronchiolar epithelial cells 
(Coker et al. 1997). 

7.1. 3.2.7 

Enzymes (s. Table 20) 

Oxidoreductases 

The Embden-Meyerhof and Krebs cycles and the 
hexose monophosphate shunt are functional in the 
Clara cells (Azzopardi and Thurlbeck 1969). 
With strongly reacting enzymes, namely L-lactate 
dehydrogenase (EC 1.1.1.27), glyceraldehyde-3- 
phosphate dehydrogenase (EC 1.2.1.12), nicotin- 
amide-adenine dinucleotide diaphorase (EC 
1.6.99.3), nicotinamide-adenine dinucleotide phos- 
phate diaphorase (EC 1.6.99.1), and malate dehy- 
drogenase (EC 1.1.1.37), the nonciliated cells gave a 
stronger reaction than the ciliated ones after 5 min 
incubation. 
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Table 20. Clara cells: enzymes 



Enzyme EC Author(s) 



Lactate dehydrogenase 

Malate dehydrogenase 

Glucose-6-phosphate dehydrogenase 

Carbonyl reductase 

Formaldehyde dehydrogenase 

Glyceraldehyde-3-phosphate dehydrogenase 

NADPH cytochrome c (P-450)-reductase 

Nicotinamide-adenine dinucleotide phosphate dehydrogenase 

Catalase 

Nitric oxide synthase III 

Prostaglandin H synthase (cyclooxygenase) 

0 6 -Alkylguanine-DNA-alkyltransferase 

Lipase 

Lysophospholipase 
Alkaline phosphatase 
Acid phosphatase 
Guanylate cyclase 



1.1.1.27 


Azzopardi and Thurlbeck (1969) 


1.1.1.37 


Azzopardi and Thurlbeck (1969) 


1.1.1.49 


Roth (1973) 


1.1.1.184 


Matsuura et al. (1990, 1994) 


1.2.1. 1 


Keller et al. (1990) 


1.2.1.12 


Azzopardi and Thurlbeck (1969) 


1.6.2.4 


Dees et al. (1980) 


1.6.99.1 


Azzopardi and Thurlbeck (1969) 


1.11.1.6 


Goldenberg et al. (1978) 


1.14.13.39 


Nikolov et al. (1998, 1999) 


1.14.99.1 


Sivarajah et al. (1983), Yu et al. 
(1988), Laporte et al. (1991) 


2.1.1.63 


Deilhaug et al. (1985) 


3.1. 1.3 


Yoneda (1978) 


3.1. 1.5 


Yoneda (1978) 


3. 1.3.1 


Inayama et al. (1995) 


3. 1.3.2 


Achterath and Blumcke (1975) 


4.6. 1.2 


Cetin et al. (1995) 



Carbonyl Reductase (EC 1.1.1.184) 

Carbonyl reductase (secondary alcohol : NADP + ox- 
idoreductase) catalyses the NADPH-linked reduc- 
tion of various carbonyl compounds to the corre- 
sponding alcohols. The lungs of guinea pigs and 
mice have been shown to contain large amounts of 
tetrameric carbonyl reductase that is distinct from 
the monomeric and dimeric forms of the enzyme in 
extrapulmonary tissues (Nakayama et al. 1982, 
1986), especially in its low substrate specificity for 
aliphatic and aromatic carbonyl compounds and 
dual cofactor specificity for NADPH and NADH. 
Antibodies against guinea-pig pulmonary carbonyl 
reductase react with the mouse lung enzyme (Na- 
kayama et al. 1986), and specifically mark the en- 
zyme in the non-ciliated bronchiolar cells (Clara 
cells), the ciliated calls and the type II pneumocytes 
of guinea pig and mouse lungs, as demonstrated at 
the light microscope level (Matsuura et al. 1990). 
By an electronmicroscopical immunogold proce- 
dure using monospecific antibodies against the en- 
zyme, Matsuura et al. (1994) localised tetrameric 
carbonyl reductase within the mitochondrial ma- 
trix of the Clara cells of the mouse. No significant 
labelling was detected in the other cellular compo- 
nents such as nuclei, secretory granules and endo- 
plasmic reticulum. 

The cytochrome P 450 -type system not only “inac- 
tivates” toxic chemicals in the mammalian organ- 
ism, but is likewise able to “activate” or “toxify” a 
variety of chemicals which otherwise would be 
harmless for mammals. Cytochrome P 450 is a major 
integral membrane protein of both smooth and 
rough endoplasmic reticulum and is exclusively 
(> 95 %) synthesised by polysomes associated with 



ER membranes (Bar-Nun et al. 1980). The large va- 
riety of foreign compounds entering the body by 
inhalation of polluted air and being deposited on 
the epithelia of the nasal cavity, the bronchial tree 
and the lung alveoli call for a local detoxification. In 
the nasal cavity of the rat, nonciliated columnar 
cells have an extensive accumulation of smooth en- 
doplasmic reticulum (Popp and Monteiro- 
Riviere 1985) which may be the source of cyto- 
chrome P 450 and P 450 -associated enzymes described 
by Hadley and Dahl (1982). Bronchiolar Clara 
cells may be sites of a cytochrome P 450 -dependent 
mixed-function oxidase activity (Boyd 1977). 

The enzymes controlling the generation or inac- 
tivation of carcinogenic and mutagenic chemicals 
often exhibit markedly differing properties in man 
and the available test systems. While the pharmaco- 
logically and toxicologically important cytochrome 
P 450 -type drug-metabolising enzyme system devel- 
ops its activity in rodents perinatally or even clearly 
postnatally, this system is already operative in pri- 
mates during the foetal and even the embryonic 
periods -in humans as early as in the 6th to 7th 
week of gestation (cf. Nau and Neubert 1978). 

Cytochrome P 450 isozyme 2B was detected in 
dome-shaped, non-ciliated cells (Ji et al. 1995). The 
reaction product was present in the apical portion 
of some epithelial cells, especially at the youngest 
stage (1 postnatal day). In 21 and 100 postnatal day 
rats, the protein was distributed throughout the cy- 
toplasm surrounding the nucleus in most cells. The 
portion of stained cells in the bronchiolar epithe- 
lium increased with age. 

The CYP2E1 protein comprises a minor compo- 
nent of the total pulmonary cytochrome P 450 con- 
tent in rabbit (Porter et al. 1989), rat (Tindberg 
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and Ingelman-Sundberg 1989, Shimizu et al. 
1990, Carlson and Day 1992), mouse (Forkert 
1995) and hamster (Ueng et al. 1991, 1993). 

The concentration of P 450 isozyme 6 was about 
20-fold increased in preparations of the Clara and 
type II cell fractions of rabbits treated intraperito- 
neally with 10 fig 2,3,7,8-tetrachlorodibenzo-p- 
dioxin per kg body weight (Domin et al. 1986). 

Most experiments with cytochrome P 450 and 
other microsomal enzymes were performed on the 
liver. But Clara cells have even higher levels of cyto- 
chrome P 450 than do the hepatocytes (Serabjit- 
Singh et al. 1980), and are rather selectively injured 
by number of simple compounds as listed in Ta- 
ble 21. 

However, Kuhn III (1985, p. 94) questioned 
whether the results on rodents can be applied to 
other species, since in many species, including pri- 
mates, the smooth endoplasmic reticulum is not 
well developed. 

Transferases 

0 6 -Alkylguanine-DNA alkyltransferase (EC 2.1.1.63) 
activity of Clara cells isolated from lungs of male 
New Zealand white rabbits was >0.75 fM/10 6 cells 
and thus 4 to 20-fold lower than in type II pneumo- 
cytes (5.82 fM/10 6 cells) and alveolar macrophages 
(15.81 fM/10 6 cells) (Deilhaug et al. 1985). Forma- 
tion of the promutagenic adduct 0 6 -methylguanine 
in the Clara cells of male Fischer 344 rats treated 
with the tobacco-specific nitrosamine, 4-(methyl- 
nitrosamino)-l-(3-pyridyl)-l-butanone in doses 
ranging from 0.03-50 mg/kg correlated with the 
pulmonary tumour incidence (Belinsky et al. 
1991). However, the hyperplasia detected in this 
study all arose within the alveolar areas, and ultra- 
structural examination of these lesions in addition 
to adenomas and carcinomas revealed morphologic 
features characteristic of the type II pneumocyte 
(Belinsky et al. 1990). 

y-Glutamyl transpeptidase (EC 2. 3.2.2) is lacking 
in the bronchiolar epithelium of the Syrian golden 
hamster (Moore et al. 1987). 

Hydrolases 

The secretory granules of the Clara cells of the rat 
showed a strong reaction of lysophospholipase (EC 
3. 1.1. 5) and a weak reaction of lipase (EC 3. 1.1. 3) 
(Yoneda 1978). 

Clara cells in the bronchioles of the rabbit not in- 
frequently showed alkaline phosphatase (EC 
3. 1.3.1) reactivity by electron microscopy (Inayama 
et al. 1995). 



Acid phosphatase (EC 3. 1.3. 2) was found in the 
apical secretion vacuoles of Clara cells of the rat 
(Achterrath and Blumcke 1975). 

Lyases 

Guanylin, a peptide involved in the activation of gu- 
anylate cyclase C is exclusively confined to the Clara 
cells. In cattle, guinea pig and rat, Cetin et al. 
(1995) found guanylin immunoreactivity in a dis- 
tinct population of secretory granules mostly loca- 
lised underneath the apical cell membrane. 

7.1. 3.3 

Comparative Anatomy and Biochemistry 

7. 1.3. 3.1 

Non-human Primates 

In the stumptail ( Macaca arctoides) and bonnet 
{Macaca radiata) monkeys, the cytoplasm of the 
Clara cells contained abundant mitochondria, a 
medium-sized Golgi complex, and a moderate 
amount of granular endoplasmic reticulum (Cast- 
leman et al. 1975). In bonnet monkeys, the cells 
frequently contained round secretory droplets, 
which were homogeneously electron dense. Secre- 
tory droplets were less frequently observed in the 
non-ciliated bronchiolar cells of the stumptail mon- 
key. The non-ciliated bronchiolar cells of the rhesus 
monkey ( Macaca mulatto) were not observed to 
contain any secretory droplets. 

7. 1.3. 3.2 
Rodents 

In the rabbit, the Clara cell is immature at birth, 
and differentiation occurs primarily during week 3 
and 4 of postnatal life (Plopper et al. 1983). 

In the neonate rat, the apical region of the Clara 
cell lacks the profusion of smooth endoplasmic re- 
ticulum typical of the adult (Smith et al. 1974); 
also, in all but a few neonatal Clara cells there is less 
smooth and rough endoplasmic reticulum in the 
middle zone than occurs in the adult. 

7.1.3.3.3 
Sauropsida 

The airways of avian species do not contain any 
Clara cells; accordingly, lung microsomes prepared 
from chickens or Japanese quails were completely 
unable to catalyse the NADPH-dependent covalent 
binding of either 4-ipomeanol or benzo[a]pyrene 
although these reactions occur in liver or kidney 



7.1 Cell Types 157 



microsomes from these species (Buckpitt and 
Boyd 1978, 1982). Correspondingly, the adminis- 
tration of 4-ipomeanol to quail resulted in hepatic 
necrosis (and covalent bonding), but not pulmo- 
nary lesions. 

7.1.4 

Goblet Cells 

The distribution of goblet cells in human tracheal 
epithelium has been investigated by a whole-mount 
alcian blue, periodic acid Schiff stain technique 
(Tos 1970, Mogensen and Tos 1976). There is an 
over-all increase in the number of goblet cells per 
mm 2 toward the caudal part of the trachea, and a 
greater density of goblet cells in the cartilaginous 
than in the membranous wall. Very few goblet cells 
are found in the bronchioles of normal persons 
(Bucher and Reid 1961), and this is probably the 
case in most species. 

MUC2, MUC5AC and MUC5B of nine mucin 
genes have been shown to be subject to regulation 
by a variety of inflammatory mediator, among them 
bacterial lipopolysaccharide (LPS) in airway epithe- 
lial cells (Rose and Gendler 1997). In NCI-H292 
human airway epithelial cells, MUC2 transcripts 
were detected after 2 h of exposure to IL- 1 (3 and 
reached maximal level after 8 h (Kim et al. 2000). 
Actinomycin D experiments indicated that the IL- 
l|3-mediated MUC2 expression was controlled by 
transcriptional regulation. 

In vivo, the constitutive expression of IL-9 in 
transgenic mice resulted in elevated MUC2 and 
MUC5AC gene expression in airway epithelial cells 
and periodic acid-Schiif-positive staining 
(Louahed et al. 2000). Similar results were ob- 
served in C57BL/6J mice after IL-9 intratracheal in- 
stillation. In contrast, instillation of the T-helper 1- 
associated cytokine interferon y failed to induce 
mucin production. In vitro, IL-9 also induced ex- 
pression of MUC2 and MUC5AC in human primary 
lung cultures and in the human mucoepidermoid 
NCI-H292 cell line, indicating a direct effect of IL-9 
on inducing mucin expression in these cells. 

7. 1.4.1 

Ultrastructure 

By electron microscopy the appearance of goblet 
cells in all species is similar. The cell is distended by 
electron-lucent secretory granules. The granules are 
larger than those of the serous cell and sometimes 
have an electron-dense core. Each granule usually 
has an incomplete membrane and there is fusion be- 
tween them. The cytoplasm is electron dense, and 
like the serous cell, the nucleus irregular in outline. 



Secretory granule release was studied in the 
guinea pig tracheal goblet cells (Newman et al. 
1996). Arrest of secretion using 1 % tannic acid led 
primarily to release of the electron lucent material 
with apparent retention, or retardation of release, of 
the electron dense core. Secretion continued, how- 
ever, in the presence of tannic acid, even after secre- 
tagogue administration, making quantification of 
the secretory process possible. In unstimulated 
cells, after 15 min tannic acid incubation, 13% of 
cells (n = 100) contained simple exocytoses involv- 
ing fusion of single granules with the plasma mem- 
brane; 2% of cells contained more complex com- 
pound exocytoses, with granule/granule fusion 
forming a central cavity to the cell; 1 % of cells had 
apokrine-like release, involving loss of the apical 
portion of the cell. After 5 min preincubation in 
80 mM KC1, 27 % of cells (n = 100) contained single 
exocytoses, 13 % had compound exocytoses, and 
3 % apocrine-like secretion. 

In the rat nasal mucosa, goblet cells after conven- 
tional fixation with 2.5% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.4) for 1 h and postfixation 




Fig. 69. Discharge of mucus granules from a goblet cell situ- 
ated between two ciliated cells within the tracheal epithelium 
(block 675) of an unmedicated 200 g male Wistar rat. Under 
pentobarbital anaesthesia (30 mg/kg), the animal was per- 
fused from the abdominal aorta with 2.5 % glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.4). Postfixation with 
1 % osmium tetroxide in sodium cacodylate buffer. Embed- 
ded in Epon 812 and sectioned at 50 nm. Stained with lead 
citrate and uranyl acetate. Plate 3295 
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with 2 % 0s0 4 in phosphate buffer for 1 h showed 
that the membrane structure of mucus granules 
was not clearly evident (Shimomura et al. 1996). 
Most of the secretory granules had a homogenous 
matrix structure and some had a double-layered 
matrix, which occasionally contained a moderately 
dense core and an electron-lucent halo. In contrast, 
after quick-freezing in liquid nitrogen and freeze- 
substitution according to Yoshihara et al. (1986) 
the cells did not have a goblet shape but a columnar 
shape, and their secretory granules were small in 
size, mostly round in shape, and had a three- 
layered unit membrane. Their heterogeneous ma- 
trix showed either a moderate dense or a loosely fil- 
amentous appearance. Replica electron micro- 
graphs of cross-fractured apical cytoplasm dis- 
played the fusion site between the granule mem- 
brane and the plasmalemma. 

7.1. 4.2 

Histochemistry 

Cat tracheal epithelial goblet cells did not show any 
immunoreactivity for cyclic AMP, while both serous 
and mucous cells in submucosal glands immunore- 
active cyclic AMP (Lazarus et al. 1984). 

7.1.5 

Intermediate Cells 

“Intermediate” cells have been described in the re- 
spiratory epithelium of a wide variety of species. 
The cells are called intermediate because they lack 
either secretory granules or cilia and their apical 
processes are few and short (Fig. 70). In this respect 
they are “undifferentiated” and capable of transfor- 
mation into any of the epithelial cell types. The 
electron density of the cytoplasm is variable, pre- 
sumably electron dense if it is to form a secretory or 
electron-lucent it is to form a ciliated cell. The cell 
is found both in proximal and distal airways. 

7.1.6 

Brush Cells 

DiMaio et al. (1988) suggested that brush cells were 
a response to lung injury. 

7. 1.6.1 

Ultrastructure 

While lacking secretory granules the brush cell 
(Fig. 71) is distinct from the intermediate cell in 
having a pronounced brush border of fingerlike 
projections, 1 pm- 1.5 pm in length and 50-100 nm 
in diameter (Rhodin and Dalhamn 1956). 




Fig. 70. An “intermediate” cell as an intergrade between cili- 
ated and non-ciliated cells from the trachea (block 675) of an 
unmedicated 200 g male Wistar rat. On June 1, 1976 under 
pentobarbital anaesthesia (30 mg/kg), the animal was per- 
fused from the abdominal aorta with 2.5 % glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.4). Postfixation with 

1 % osmium tetroxide in sodium cacodylate buffer. Embed- 
ded in Epon 812 and sectioned at 50 nm. Lead citrate and 
uranyl acetate. Plate 3299 

Jeffery and Reid (1975), however, quoted about 

2 pm. Bundles of 10 to 15 fibrils, 3 to 4 nm thick 
have a very irregular and wavy course. The brush 
cells of the rat trachea are 30-35 % larger than that 
of the terminal bronchioles and alveoli (Chang et 
al. 1986). 

7. 1.6. 2 

Histochemistry 

Villin and fimbrin, two actin filaments-bundling 
proteins, which were demonstrated in the rat’s 
brush cells by Hofer and Drenckhahn (1992), are 
a hallmark to differentiate this cell type from neigh- 
bouring epithelial cells both in the respiratory and 
the intestinal tracts at the light microscope level. 

7.1.7 

Basal Cells 

The role of the basal cells as stem cells for ciliated, 
goblet, and brush cells is expressed in their high 
mitotic capacity. Previously Drasch (1879) by 
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Fig. 71. Brush cell in the tracheal epithelium (block 675) from 
a 200 g unmedicated male Wistar rat. On June 1, 1976 under 
pentobarbital anaesthesia (30 mg/kg), the animal was per- 
fused from the abdominal aorta with 2.5 % glutaraldehyde in 
0.1 M sodium cacodylate buffer (pH 7.4). Postfixation with 
1 % osmium tetroxide in sodium cacodylate buffer. Embed- 
ded in Epon 812 and sectioned at 50 nm. Lead citrate and 
uranyl acetate. Plate 3303 



maceration in Muller’s (1857) fluid and regenera- 
tion experiments after burning of the tracheal epi- 
thelium of the rabbit suggested that the basal cells 
via an intermediate cell type (“Keilzellen”) were the 
precursors of ciliated and mucous cells. However, 
he was at a loss for the demonstration of mitoses 
(l.c. p.214). Breuer et al. (1990) recorded normal 
adult hamster 3 H-thymidine deoxyribose flash la- 
belling indices. In two types of basal cells, B1 and 
B2, distinguished by height of the nuclei above the 
basal line, the labelling index was 28 % or 33 %, re- 
spectively. This constituted a high percentage of la- 
belled cells (50.6 %) since basal cells only contribute 
6.8 % of all the epithelial cells present. Grain count 
over nuclei only fell in B1 cells, and a cell cycle time 
of 20.6 days was estimated, with a DNA synthesis 
time (T) s of 7.5 h. 

Boers et al. (1998) studied normal human lungs 
(24-84 years) using the proliferation marker MIB-1 
(Ki-67) on sections to stain for a labelling index 
equivalent. Over 101000 were cells scored between 



seven patients studies, No age-related differences 
were found. Basal and parabasal cells were defined 
by their cytokeratin 5 and 14 positivity. In the up- 
per airways, these contributed 31 % and 7 % of cells, 
respectively, but also 51 % and 33% of cells in the 
proliferative compartment. In the lower airways, 
only 6 % of the cells were basal, but they contrib- 
uted 30 % of proliferating cells (there were no para- 
basal cells in airways below 0.5 mm in diameter). 
Overall, MIB-1 -positive cells were 0.87% of all cells 
present, yet 48% of proliferating cells were in the 
basal position and 15 % in the parabasal. 

7. 1.7.1 

Ultrastructure 

Basal cells are polygonal or triangular cells loca- 
lised immediately above the basement membrane. 
Usually, they do not reach the free surface of the ep- 
ithelium. Their cytoplasm is electron-dense. Tono- 
filaments are arranged in perinuclear array. Golgi 
complex and endoplasmic reticulum are poorly de- 
veloped. 

In both smokers and non-smokers typical basal 
cells were more numerous than atypical basal cells, 
which were distinguished by their spindle-shaped 
nucleus, polar cytoplasm, and processes that ex- 
tended along the basal lamina (Baldwin 1994). 
The nucleus of the atypical basal cell was consis- 
tently closer to the muco-ciliary surface than was 
the nucleus of the typical basal cell. 

Throughout the bronchial tree both types of 
basal cells contribute to the maintenance of epithe- 
lial cohesion by providing desmosomal attachment 
for columnar cells. 

7. 1.7. 2 

Histochemistry 

Basal cells of the rabbit trachea and bronchus have 
fairly high specificity for alkaline phosphatase of a 
non-specific isozyme (92.2 % and 95.6 %, respec- 
tively). Therefore, this enzyme is considered to be a 
useful marker for basal cells (Inayama et al. 1995). 

a6 and (54 integrin molecules were expressed 
strongly at the junction of the basal cells with the 
underlying basement membrane (Montefort et al. 
1992). 

Multi-drug resistance associated protein (MRP), 
member of the ATP binding Cassette transporter 
proteins, is particularly involved in glutathione- 
conjugates detoxification. In human bronchial basal 
cells MRP mRNA immunostaining was observed at 
the whole plasma membrane (Brechot et al. 1997). 
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7.1.8 

APUD Cells 

Endocrine-like cells with biochemical characteris- 
tics of Amine Precursor Uptake and Decaboxylase 
(APUD) were quantified in the tracheal, bronchial, 
and bronchiolar epithelia of the guinea pig by four 
histochemical stains: Grimelius, en-block silver, 
lead-haematoxylin-en block silver and periodic 
acid-Schiff-lead haematoxylin (Marchevsky et al. 
1983). There were significant differences between 
the number of epithelial cells in the various locales 
of the respiratory tree: 318 ±5.63 epithelial cells/ 
mm in the trachea, 263 ±17. 11 epithelial cells/mm 
in the bronchi and 193 ±4.21 epithelial cells/mm in 
the bronchioles. Boers et al. (1996) did not find any 
difference in the number of neuroendocrine cells 
between large (airway diameter >4.5 mm) and 
small (airway diameter < 1.2 mm) conducting air- 
ways in 9 human subjects without pulmonary dis- 
ease out of 250 autopsy cases. 

In the Wistar rat, there was a decrease in the per- 
centage of bronchi containing Feyrter cells with in- 
creasing age (Moosavi et al. 1973). At the age of 
7 days, 89 % of the bronchi of one rat contained 
Feyrter cells, but at the age of 31 days only 45 % of 
the bronchi of another rat contained such cells. 

Normally there is no proliferative activity in neu- 
roendocrine cells (Hoyt et al. 1990, Montuenga et 
al. 1992), although this may not be absolute 
(Stahlman and Gray 1984). 

The immunocytochemical localisation of bioac- 
tive peptides is now widely applied in the investiga- 
tion of bioptically obtained human lung tissues that 
contain neoplastic counterparts of neuroepithelial 
endocrine cells. These APUDomas express a larger 
spectrum of neuropeptides as compared to the 
healthy human lung, e.g. they may express immu- 
noreactivity for ACTH (Gould et al. 1983, Tsut- 
sumi et al. 1983, Polar and Bloom 1984, Tsut- 
sumi 1990), neurotensin, motilin, glicentin, 
corticotropin-releasing factor, growth hormone- 
releasing factor, vasoactive intestinal peptide 
(Tsutsumi 1990). 

Chromogranin A is a recognised ‘gold standard’ 
marker of neuroendocrine tumours including the 
‘silent tumours’ which are not associated with the 
overproduction of any known bioactive peptide or 
hormone (Hendy et al. 1995). It has been suggested 
that this protein is a peptide precursor, because of a 
number of conserved dibasic cleavage sites and the 
identification of a number of bioactive peptides de- 
rived from chromogranin A. These include panc- 
reastatin (Tatemoto et al. 1986), parastatin (Fasi- 
otto et al. 1993), and vasostatin, which inhibits 
contractile response in segments of endothelium- 



denuded saphenous vein (Aardal and Helle 
1993). Patients with flushing as a result of lung car- 
cinoids were immunonegative for vasostatin (Cun- 
ningham et al. 1999). 

After exposure to hypoxia the APUD cells secrete 
their amine-rich vesicles by exocytosis (Fauwe- 
ryns and Cokelaere 1973) establishing the secre- 
tory nature of the APUD cells. When rabbits, 1 or 
2 days old, were exposed to a hypoxia of 10% oxy- 
gen for 20 min, (Fauweryns et al. 1977) found the 
intensities of the microspectroscopically recorded 
emission spectra of neuroepithelial bodies signifi- 
cantly decreased. A distinct exocytosis of the dense 
core vesicles was observed at the basal cell mem- 
brane of the corpuscular cells. From studies in 
which the hypoxic rabbits received normoxic blood 
in the arteria pulmonalis from a donor rabbit by 
means of an arterio-arterial cross circulation with 
mutual exchange transfusion, Fauweryns et al. 
(1978) concluded, that neuroepithelial bodies re- 
acted directly to the hypoxia of the inhaled air and 
not to the hypoxaemia of the pulmonary blood. Af- 
ter short-term (1 h) infranodose as well as long 
term (3 days) supranodose left vagotomy, the ipsi- 
lateral neuroepithelial bodies, though still intact, 
but no longer connected to the central nervous sys- 
tem, showed decreased fluorescence intensity and 
increased basal degranulation (Fauweryns and 
Van Fommel 1986). 

At the age of 4 days there was no significant dif- 
ference between the number of Feyrter cells in hy- 
poxic (380 mm Hg simulating an altitude of 5,488 m) 
Wistar rats and controls (Moosavi et al. 1973). 

0 2 regulation of K + channels in chemoreceptive 
neuroepithelial bodies and their immortal counter- 
parts, HI 46 cells, involves altered reactive oxygen 
species generation by NADPH oxidase. In contrast, 
this enzyme complex is not involved in 0 2 sensing 
by the carotid body and pulmonary vasculature. 
O’Kelly et al. (2001) provided pharmacological ev- 
idence to support a role for NADPH oxidase in hy- 
poxic inhibition of K + currents in HI 46 cells. Two 
structurally unrelated NADPH oxidase inhibitors, 
diphenylene iodonium and phenylarsine oxide, 
suppressed hypoxic inhibition of K + currents re- 
corded using the parch-clamp technique. Most im- 
portantly, however, neither inhibitor fully blocked 
this response. 

7.2 

Pharmacology 

A non-invasive aerosol inhalation technique using 
monodisperse aerosol allowed the estimation of 
human airway diameters (Schiller-Scotland et 
al. 1990, Schiller-Scotland 1997). Brochocon- 
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striction was achieved by carbachol (1.8 mg; 2.5% 
solution), bronchodilation by oxitropiumbromide 
(0.2 mg; MDI). Formoterol (24 fig-, MDI) has been 
evaluated as a long acting (> 10 h) broncho dilator. 
Both bronchoconstriction and bronchodilation 
were most pronounced in proximal airways. 

Hyperosmolarity caused a time- and concen- 
tration-dependent increase in interleukin-8 expres- 
sion and secretion in 16HBE14o bronchial epithelial 
cells (Loitsch et al. 2000). These effects could be 
blocked by antioxidants, such as dimethyl sulphox- 
ide (0.5 %), l,3-dimethyl-2-thiourea (20 mM), dithi- 
othreitol (500 /iM), and p-mercaptoethanol (500 
/jM), suggesting an involvement of reactive oxygen 
intermediates in the signal transduction of hyperos- 
molarity-induced IL-8 synthesis. 

7.2.1 

Adrenergic Activators 

Adrenergic receptors are located throughout the 
body on neuronal and non-neuronal cells where 
they mediate a diverse range of responses to the en- 
dogenous catecholamines adrenaline and nor- 
adrenaline. To date, nine adrenergic receptors have 
been cloned. The classification of epinephrine re- 
ceptors into a-receptors and (3-receptors stems 
from Ahlquist (1948). Epinephrine and five re- 
lated substances in a number of bioassays acted in 
either an excitatory or an inhibitory manner. The 
results could only be explained by postulating two 
different receptors, i.e. the a- and the (3-receptors. 

Three genes encoding a 2 -adrenergic receptor 
subtypes have been identified from several species, 
termed a 2A , a 2B , and a 2C , respectively (for review see 
Hein 2001). The a 2B -receptor shows primarily pe- 
ripheral expression in kidney, liver, lung, and heart. 

(3-Adrenergic receptors (for review see Danner 
and Lohse 1999) are prototypical members of the 
family of G-protein-coupled receptors, which com- 
prise a large group of sevenfold membrane- 
spanning helix cell surface receptors for such di- 
verse stimuli as light (Hargrave and McDowell 
1992, Khorana 1992), hormones and neurotrans- 
mitters (Dohlman et al. 1991, Lohse 1993) and ol- 
factory stimuli (Lancet 1986, Buck and Axel 
1991). Upon agonist stimulation |3-adrenergic re- 
ceptors couple to the stimulatory G-protein, G s , 
which in turn activates adenylate cyclase leading to 
an increase in intracellular cyclic AMP concentra- 
tions and subsequently to an activation of protein 
kinase A (Hausdorff et al. 1990, Collins et al. 
1991, Dohlman et al. 1991, Lohse 1993). All three 
components of this signal transduction cascade are 
subject to complex regulation on both mRNA and 
protein levels. To date, three |3-adrenergic receptor- 



Table 21. Pharmacological classification of adrenergic recep- 
tors 



a r Adrenergic receptors 

Agonists: p-aminoclonidine > epinephrine > norepi- 
nephrine > isoproterenol 

Antagonists: prazosin > phentolamine > yohimbine 
a 2 -adrenergic receptors 

Agonists: p-aminoclonidine > epinephrine > norepi- 
nephrine > isoproterenol 

Antagonists: yohimbine > phentolamine > prazosin 
|3 r adrenergic receptors 

Agonists: isoproterenol > epinephrine > norepinephrine 
Antagonists: betaxolol > ICI 118,551 
(3 2 -adrenergic receptors 

Agonists: isoproterenol > epinephrine > norepinephrine 
Antagonists: ICI 118,551 > betaxolol 
(b-adrenergic receptors 
Agonists: pindolol 
Antagonists: BRL 37344 



subtypes, termed Pi-adrenergic receptor, |3 2 - 
adrenergic receptor, and |3 3 -adrenergic receptor 
have been cloned and sequenced from different 
species. 

However, molecular comparison of a,- and a 2 - 
receptors suggests that these proteins are structur- 
ally related “isoreceptors” (Shreeve et al. 1985). 
Stiles et al. (1983) demonstrated structural simi- 
larities of cardiac (3 r and |3 2 -receptor subtypes by 
photoaffinity labelling. The molecular basis of the 
striking differences in response to ligands that be- 
have as p r or p 2 -adrenoceptor antagonists and p 3 - 
adrenoceptor agonists is still unexplained. Al- 
though all three P-adrenoceptor subtypes are cou- 
pled to the G s protein and stimulate adenylate cy- 
clase, it is possible that one or each of the receptors 
actually interacts with different combinations of the 
a s -subunit with either of one of the seven or eight 
gene products encoding the p- and ysubunits 
(Strosberg and Pietri-Rouxel 1996). 

The p r adrenergic receptor is encoded by an in- 
tronless and TATA-less gene that is rich in GC se- 
quences in the first 0.5 kb of the 5’-flanking region 
(Machida et al. 1990, Shimomura and Terada 
1990, Cohen et al. 1993, Collins et al. 1993, 
Padbury et al. 1995, Searles et al. 1995). The tran- 
scriptional start site in the rat p r adrenergic recep- 
tor genes occurs 253 bp 5’ to the initiator ATG, 
whereas in the ovine and murine p r adrenergic re- 
ceptor genes the transcriptional start site occurs 
415 and 660 bp 5’ to the ATG, respectively (Cohen 
et al. 1993, Padbury et al. 1995, Searles et al. 
1995). To identify the domains involved in retinoic 
acid-mediated activation of pi -adrenergic receptor 
gene transcription, Bahouth et al. (1998) ligated 
three kb of 5’-flanking sequence of the p , - 
adrenergic receptor gene to a luciferase reporter 
gene and transiently transfected them into F9 
mouse teratocarcinoma stem cells that were pre- 
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exposed to 100 nM retinoic acid for 2 days. By gen- 
erating deletions in the (3 r adrenergic receptor pro- 
moter, a region between -125 and -100 was found 
to mediate a 3-fold induction in cells exposed to re- 
tinoic acid for an additional two days. Through site- 
directed mutagenesis of the region, it was deter- 
mined that the retinoic acid responsive element was 
organised as a direct repeat separated by 5 nucleo- 
tides in which the 5’-most AGGTCG half-site was 
between nucleotides -106 and -101 and the 3’-most 
AGGTCA half-site was between nucleotides -117 
and -112. The retinoic acid receptor a isoform 
bound to the oligomer representing the sequences 
between -125 and -100 as a heterodimer complex 
with the retinoid X receptor a. 

The (3-adrenergic receptor-adenylyl cyclase sys- 
tem is essential for the homeostatic control of air- 
way calibre, airway reactivity, and normal re- 
sponses to inflammatory stimuli (Nijkamp et al. 
1992). IL-1|3 exerts complex cell type-specific ef- 
fects on the function of the |3-adrenergic receptor- 
adenylyl cyclase system in a variety of cell types. In 
BEAS-2B cells, a transformed normal human air- 
way epithelial cell line, 200 pM IL- 1 (3 for 18 h signif- 
icantly increased fi-adrenergic receptor density 
(B max ) ~ 2.5-fold (P <0.01 by one-way analysis of 
variance) without affecting the receptor binding af- 
finity (Kelsen et al. 1997). IL- 1 (3 also significantly 
increased the percentage of the |3 2 -receptor subtype 
from 67 ±9 to 91 ± 8 % in control and IL-l|3-treated 
groups, respectively ( P <0.001). 

Pharmacodynamic influences on bronchiolar 
Clara cells (Schiller 1957) are mediated by |3- 
adrenergic receptors visualized by fluorescence mi- 
croscopy after blocking with 9-amino-acridyl pro- 
pranolol (Massaro and Davis 1984). 

While receptor function is regulated rapidly 
(over seconds or minutes), regulation of receptor 
number takes much longer, commonly many hours. 
In isolated cells it is often maximal only 24 h of con- 
tinuous agonist exposure (Danner and Lohse 
1999). Changes in (3-adrenergic receptor number 
can be effected by two classes of mechanisms: 

• enhanced proteolytic receptor degradation and 

• decreased receptor synthesis, i.e. modulation of 

gene expression. 

Aksoy et al. (2001) examined the role of several nu- 
clear transcription factors in the protein kinase C- 
activated upregulation of |3 2 -adrenergic receptor ex- 
pression. 

Prolonged exposure of lung and other tissues to 
adrenergic agonists results in opposing physiologic 
effects on |3-adrenergic receptors. The process 
whereby diminished receptor action, or desensitiza- 
tion, takes place may involve both downregulation 



(decrease in receptor number) and uncoupling (in- 
ability of the agonist-bound receptor to initiate the 
usual physiologic sequelae). This destabilization of 
the high affinity state of the receptor is character- 
ized by a decreased ratio of the dissociation con- 
stants of the agonist for the two forms of the recep- 
tor (termed the K L /K H ratio) (Kent et al. 1980). 

The catechol nucleus represents an important 
component for optimum activity at adrenorecep- 
tors. Elimination of either phenolic group results in 
a large decrease in activity (a and (3). Replacement 
of the 3-phenolic group by HOCH 2 “ or CH 3 S0 2 NH' 
resulted in salbutamol and soterenol, respectively. 

7.2.1.1 

Superoxide Oxidises Catecholamines 

The oxidation of catecholamines by the hydroper- 
oxidase activity of lipoxygenase (EC 1.13.11.12) is 
documented by Rosei et al. (1994) and Nunez- 
Delicado et al. (1996). o-Diphenols are easily 
studies spectrophotometrically since, when oxi- 
dised, they render coloured compounds, quinones, 
or their corresponding aminochromes. In the case 
of isoprenaline the maximum of the oxidation 
product was developed at 490 nm (Nunez- 
Delicado et al. 1999), which corresponds to that of 
the aminochrome product (Jimenez et al. 1985, 
Nunez-Delicado et al. 1996). 

Cohen and Heikkila (1974) have shown that 
several oxidised catecholamines including 6- 
hydroxydopamine and 6-aminodopamine could 
form the cytotoxic species 0 2 *", H 2 0 2 and HO*, and 
this was confirmed by Graham et al. (1978) and 
Graham (1984). Graham et al. (1978) also showed 
that the quinone autoxidation products of L-dopa 
and dopamine exerted toxicity on Cl 300 neuroblas- 
toma cells in vitro via their nucleophilic reactivity. 
Ambani et al. (1975) observed that the substantia 
nigra has delectable levels of H 2 0 2 and high levels of 
monoamino oxidase, able to evolve H 2 0 2 . The poly- 
merisation of the catecholamine-derived quinones 
to form the neuromelanin for which the substantia 
nigra is named is a 0 2 ’~ evolving autooxidative pro- 
cess (Graham (1984). Ambani et al. (1975) have re- 
ported lowered levels of peroxidase and catalase in 
the substantia nigra of patients with Parkinson’s 
disease. 

The macrophage migration inhibitory factor 
(MIF) converted the oxidised catecholamines 3,4- 
dihydroxyphenylaminechrome, epinephrinechrome, 
and norepinephrinechrome to 5,6-dihydroxyindole, 
3,5,6-trihydroxy-l-methylindole, and 3,5,6-trihydro- 
xyindole, respectively (Matsunaga et al. 1999). 
These products are precursors of neuromelanin 
(Smythies 1996, D’Ischia and Prota 1997), a pig- 
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Superoxide oxidises catecholamines 




Dopamine: R, R' = H 
Norepinephrine: R = H, R' = OH 
Epinephrine: R = CH 3 , R' = OH 
Isoprenaline: R = CH(CH 3 ) 2 , R’ = OH [107] 

ment found in neurones and glial cells (Zecca et al. 
1992, Enochs et al. 1993, Prota and D’Ischia 
1993) to function as a sink for toxic metabolites of 
catecholamine biosynthesis. 

7.2.1.2 

l^-Agonists Have Antioxidant Function 

In addition to their bronchodilatory action in 
asthma, |3-agonistically active substances of diphe- 
nolic structure offer radical scavenging properties 
toward reactive oxygen species as shown in a model 
system by electron paramagnetic resonance spec- 
troscopy and photometric approaches (Zwicker et 
al. 1998). The substances under study showed activ- 
ity in superoxide radical scavenging under aprotic 
and protic conditions as well. The efficiency of the 
reaction decreased in the order fenoterol > salbuta- 
mol > reproterol > terbutaline > oxyfedrine when 
5,5-dimethyl- 1-pyrroline-N-oxide (DMSO) was 
used as an aprotic solvent. In an aqueous system, 
the rate constants decreased in the order: fenoterol 
> reproterol > salbutamol. 

7.2.1.3 

Link Between Catecholamine 
and Nitric Oxide Metabolism 

Dopamine and norepinephrine in aerobic buffer 
(pH 7.4) were almost completely converted to their 
6-nitro-derivatives by nitric oxide at room tempera- 
ture, while epinephrine was nitrated and above all 
oxidised (Daveu et al. 1997). Girgin et al. (1999) 
found insignificant increases in nitrite and nitrate 
levels in cardiac tissues of aged rats compared to 
young ones. This could be explained by observa- 
tions of Girgin et al. (1999) that ageing rat tissues 
have higher catecholamine levels, which would lead 
to higher monoamine oxidase activities, while this 
catecholamine increase does not seem to have any 



direct effect on nitrate-nitrite levels. Through the 
increased activation of monoamine oxidase en- 
hanced production of H 2 0 2 and NH 3 occurs, and 
NH 3 is incorporated into glutamine and L-arginine, 
the latter of which serves as a substrate for nitric 
oxide synthase (Zhang et al. 1993). Li et al. (2000) 
demonstrated that ciliated rat tracheal epithelial 
cells produce ’NO, which is correlated with the cili- 
ary beat frequency. 

7.2.1. 4 

a-Adrenergica 

Ephedrine 

The presence of a |3-C substituent limits the path- 
way of biotransformation of ephedrine to p-hydro- 
xylation, N-dealkylation, and deamination. Deal- 
kylation and subsequent deamination is the major 
route of metabolism of ephedrine in most species, 
excluding the rat (Williams et al. 1973). 

Phenylephrine 

Phenylephrine is an a | -adrenergic agonist. How- 
ever, it simultaneously activated |3-adrenoceptors 
and can therefore be used as a selective u r 
adrenoceptor agonist only in the presence of 13- 
blockade (van Meel et al. 1981). Phenylephrine 
was reported to induce Ca 2+ efflux, but not influx, in 
the perfused rat liver in the presence of 1.3 mM 
Ca 2+ in the medium (Altin and Bygrave 1985). 
Kleineke and Soling (1987), however, reported 
that Ca 2+ influx can occur with phenylephrine un- 
der these conditions. 

Phenylephrine, norepinephrine and epinephrine 
(all 5 pmoles/kg), but not isoprenaline caused a loss 
of about 35 per cent of the ascorbic acid content of 
lung tissue of anaesthetised male mice and an in- 
crease of about 20 per cent in lung weight within 
15 min (Willis and Kratzing 1974b). The ability 
of phenoxybenzamine (irreversible in action be- 
cause it forms a stable covalent bond with the a- 
receptor; Nickerson 1957) to block both the lung 
ascorbate loss and the lung oedema caused by phen- 
ylephrine, norepinephrine and epinephrine showed 
that these changes depended on a-receptor activity. 

Adrenaline 
Effect on Clara Cells 

Adrenaline in very large dose (2.5 mg/kg mouse ) 
rapidly dilated the cisternae of the smooth endo- 
plasmic reticulum of the Clara cells with subse- 
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quent vesiculation of the cell and vesicle release 
(Wang et al. 1971). 




Fig. 72. Smooth endoplasmic reticulum in the apical part of a 
type 1 Clara cell from a female rat (breeder: Winkelmann, 
Borchen-Kirchborchen) which inhaled 300 fi g micronized 
(mass median diameter 2.45 ;<m) phenylephrine bitartrate/ 
puff from a suspension type self-propelled aerosol (Mediha- 
ler). 12 Puffs/min were dispersed into a 164.5 1 box where the 
animals stayed for 15 min. 30 min later under methitural an- 
aesthesia, the lung was fixed by intratracheal instillation of 
2.5 % glutaraldehyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % osmium tetroxide 
in phosphate buffer (pH 7.4). Contrasted en bloc for 12 h 
with 0.5 % uranyl acetate in 70 % ethanol. Embedded in a 2 :8 
mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 53/05 



7.2.1.5 

(i-Adrenergica 

Isoprenaline 

Oxidation of isoprenaline was found to be depen- 
dent on the amount of lipoxygenase (EC 1.13.11.12) 
and was linear up to 0.2 uM of the soybean lipoxy- 
genase used (Nunez-Delicado et al. 1996). To dis- 
count any contribution of a Fenton reaction in this 
oxidation, lipoxygenase was substituted by FeCl 3 
and FeCl, in the presence of H 2 0 2 , the rate of ami- 
nochrome production being negligible under these 
conditions. The inhibitory effect of cyclodextrins 
on the oxidation of xenobiotics is based on their de- 
gree of hydrophobicity and the charge (isoprenaline 
< 4-methylcatechol < 4-ferf-butylcatechol < 4-tert- 
octylcatechol) (Nunez-Delicado et al. 1999). This 
inhibitory effect was due to the complexation of xe- 
nobiotics in the hydrophobic cavity of cyclodex- 
trins. 

Pre-treatment of human bronchial epithelial cells 
with 10 fiM isoprenaline or 100 uM salbutamol aug- 
mented the adhesion of fluorescently labelled THP- 
1 cells, a monocyte/macrophage cell line, to human 
bronchial epithelial cell monolayers by about 
40-60% (Romberger et al. 2000). The increase in 
THP-1 cell adhesion occurred within 10 min of iso- 
prenaline pre-treatment of human bronchial epithe- 
lial cells and gradually declined but persisted with 
up to 24 h of isoprenaline exposure. 



Fig. 73. Multivesicular body in a type 3 
Clara cell from a female white rat (breeder: 
Winkelmann, Borchen-Kirchborchen) 

30 min after an inhalation of 300 ng micron- 
ized (mass median diameter 2.45 ft m) phen- 
ylephrine bitartrate/puff from a suspension 
type self-propelled aerosol (Medihaler). 12 
Puffs/min were dispersed into a 164.5 1 box 
where the animals stayed for 15 min. 30 min 
later under methitural anaesthesia, the lung 
was fixed by intratracheal instillation of 
2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfix- 
ation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc 
for 12 h with 0.5 % uranyl acetate in 70 % 
ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). 
Plate 44/05 
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Effect on Clara Cells 

0.5 mM Isoprenaline added after two hours of incu- 
bation had no effect on the secretion of Clara cell 
secretory protein by lung explants (Hook et al. 
1990). 

Effect on Goblet Cells 

Isoprenaline increased mitotic index and goblet cell 
number at most of the airway levels studied in the 
Sprague-Dawley rat (Bolduc and Reid 1978). 

In the pig, isoprenaline caused a significant in- 
crease in the number of goblet cells in the bronchial 
epithelium, but there was no change in their glyco- 
protein type, most containing exclusively sialomu- 
cin (Baskerville 1976). 

Cardiac Side Effects 

It has been known since the work of Rona et al. 
(1959) that sympathomimetic amines at dose levels, 
which would be lethal for humans produce exten- 
sive necrosis in the rat myocardium. The lesions 
and those produced in the same species by hypoxia 
have morphological features in common (Niles et 
al. 1968). A proteolipid binding 3 H-isoprenaline was 
localized in the plasma membrane of the feline 
heart ventricular myocytes (Ochoa et al. 1972). Ex- 
posing myocytes to catecholamines lead to down- 
regulation of the number of receptors within min- 
utes (Linden et al. 1984). 

Isoprenaline decreases coronary artery perfusion 
and heart muscle oxygenation under circumstances 
of increased demand. 

The exact mechanism of isoprenaline-induced 
myocardial damage has not been clarified, but a 
mismatch of oxygen supply versus demand follow- 
ing coronary hypotension and myocardial hyperac- 
tivity may offer the best explanation for the com- 
plex morphological alterations in the presence of a 
patent coronary vasculature (Yeager and Iams 
1981). 

In view of the accumulation of H 2 0 2 in the myo- 
cardium due to ischaemia-reperfusion and changes 
in (3-adrenoceptor mechanisms in the ischaemic- 
reperfused heart Persad et al. (1998) investigated 
the effects of H 2 0 2 on the (5-adrenoceptor, G- 
protein and adenylyl cyclase complex. Rat hearts 
were perfused with 1 mM H 2 0 2 for 10 min before 
isolating membranes for measuring the biochemi- 
cal activities. The stimulation of adenylyl cyclase by 
different concentration of isoprenaline was de- 
pressed upon perfusing hearts with H 2 0 2 . Both the 
affinity and density of (3 -adrenoceptors as well as 



the density of the |3 2 -adrenoceptors were decreased 
whereas the affinity of |3 2 -adrenoceptors was in- 
creased by H 2 0 2 perfusion. Competition curves did 
not reveal any effect of H 2 0 2 on the proportion of 
coupled receptors in the high affinity state. The 
basal as well as forskolin-, NaF- and Gpp(NH)p- 
stimulated adenylyl cyclase activities were de- 
pressed by perfusing the heart with H 2 0 2 . Catalase 
alone or in combination with mannitol was able to 
significantly decrease the magnitude of alterations 
due to H 2 0 2 . The positive inotropic effect of 1 pM 
isoprenaline was markedly attenuated upon perfus- 
ing hearts with 200-500 pM H 2 0 2 for 10 min. 

Isoprenaline Plus Phenylephrine 

In brochodilation the greater effect of isoprenaline 
plus phenylephrine than of isoprenaline alone is 
due to the spasmolytic effect of isoprenaline plus 
the vasoconstrictive and decongestant properties of 
phenylephrine (Kallos and Kallos-Deffner 
(1964). Oedema of the bronchial mucosa is reduced 
and mucus secretion is diminished by the action of 
phenylephrine. The protective effect against dys- 




Fig. 74. Smooth endoplasmic reticulum in the apical part of a 
type 3 Clara cell from a female white rat (breeder: Winkel- 
mann, Borchen-Kirchborchen) 2 h after an inhalation of 
200 mg micronized isoprenaline HC1 + 300 pg micronized 
(mass median diameter 2.45 urn) phenylephrine bitartrate/ 
puff from a suspension type self-propelled aerosol (Mediha- 
ler). 12 Puffs/min were dispersed into a 164.5 1 box where the 
animals stayed for 15 min. 30 min later under methitural an- 
aesthesia, the lung was fixed by intratracheal instillation of 
2.5 % glutaraldehyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % osmium tetroxide 
in phosphate buffer (pH 7.4). Contrasted en bloc for 12 h 
with 0.5 % uranyl acetate in 70 % ethanol. Embedded in a 2 :8 
mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Film 374/84 
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pnea on exertion in asthmatic patients is main- 
tained for 30 min by isoprenaline and for more than 
120 min by isoprenaline plus phenylephrine. 

Deposition and retention of quartz dust inhaled 
(10 mg/m 3 ) for 3 h each on 20, 40, and 80 days, re- 
spectively, in the lungs of female rats premedicated 
for 5 min with isoprenaline (300 mg/m 3 ) plus phen- 
ylephrine (450 mg/m 3 ) were reduced by 16 per cent 
after 20 inhalations and by 24 per cent after 80 in- 
halations, compared with non-medicated animals 
(Einbrodt and Schiller 1967). 



Salbutamol 

Salbutamol was synthesised by Hartley et al. 
(1968) with a bronchoselectivity index of 2.7 in the 
dog to 55 in the guinea pig (Wardell et al. 1974). 



Terbutaline 
'HO 




CHCH 2 NHC(CH 3 ) 3 



h 2 so 4 



J 2 



Terbutaline 



[108] 



Terbutaline, (RS)-2-ferf-butylamino-l-(3,5-dihydro- 
xyphenyl)ethanol, and isoprenaline increased im- 
munoreactive cAMP in ciliated epithelial cells of 
dog and cat trachea and in both serous and mucous 
gland cells of cat trachea (Lazarus et al. 1984). Epi- 
thelial goblet cells did not respond to (3-adrenergic 
agonists in either species. 

Proper coordination of inhalation and metered 
dose inhalers canister activation is an important 
determinant of availability of medication to airways 
and subsequent clinical response. Wilson et al. 
(1991) compared coordination of terbutaline and 
pirbuterol metered dose inhalers by evaluating clin- 
ical effects, deposition in a model of the human up- 
per airway, rate of aerosol settling a tank, and parti- 
cle size distribution. The maximum clinical effects 
and least deposition in the upper airway occurred 
when both metered dose inhalers were activated at 
the onset of inhalation. When metered dose inhal- 
ers were activated before inhalation, pirbuterol was 
less effective than terbutaline. Pirbuterol metered 
dose inhaler aerosol is slightly smaller than terbuta- 
line metered dose inhaler aerosol. 



Salmeterol 

While terbutaline (formula [108]) and salbuterol 
have a short duration of action (3-5 h), several 
more effective and longer acting |3 2 -adrenoceptor 
agonists have been developed. Salmeterol given by 
inhalation was effective for 6-8 h and, in contrast 
to its potency on respiratory smooth muscle, 
> 3000-fold weaker than isoproterenol in cardiac 
tissue, indicating high [3 2 -adrenoceptor selectivity 
(Johnson 1990). In [ 125 ]iodocyanopindolol-labeled 
bronchial membranes of guinea pigs, salmeterol 
and formoterol induced high-affinity states of the 
|3 2 -receptor, the latter inducing a significantly 
higher percentage (Roux et al. 1996). 

Prolonged exposure to |3-agonists such as iso- 
prenaline results in down-regulation of |3 2 -adren- 
ergic receptor gene expression and function, while 
long acting |3 2 -agonists such as salmeterol remain 
efficacious over many hours. Wang and Collins 
(1996) examined the function of salmeterol, vs. iso- 
proterenol, to regulate |3 2 -adrenergic receptor ex- 
pression and stimulation of its effector adenylate 
cyclase in BEAS-2B cell. 

Burges and Blackburn (1972) found that sal- 
butamol selectively activated rat lung adenylate cy- 
clase at concentrations that had no effect on the rat 
heart enzyme. Nebulized salbutamol can be as ef- 
fective as that given intravenously (Lawford et al. 
1978) but has the added advantage of fewer meta- 
bolic and symptomatic side-effects. The S isomer of 
salbutamol had no activity at extrapulmonary (32- 
adrenoceptors in man (Lipworth et al. 1997). The 
R isomer demonstrates approximately equivalent 
activity to racemic salbutamol when compared on a 
1 : 2 microgram ratio. This suggests that the R iso- 
mer may offer possible therapeutic advantages over 
racemic salbutamol in view of less adverse airway 
effects with comparable systemic adverse effects. 



Pirbuterol 

The aromatic ring of salbutamol has been replaced 
by a pyridine ring with no significant loss of po- 
tency or |3 2 -selectivity (Steen et al. 1974, Willey et 
al. 1976). In 64 healthy subjects pirbuterol inhala- 
tion (0.4 mg) all obstruction-related parameters 
showed significant bronchodilation (P <0.001) in 
both smokers and non-smokers (Kronenberger 
et al. 1991). 
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Formoterol 

Nix et al. (1990) found the protective effect of for- 
moterol against methacholine-induced broncho- 
constriction in 12 asthmatic patients lasting for at 
least 5 h. The rapid pulmonary absorption of in- 
haled formoterol and its slow elimination from 
plasma are in agreement with the fast onset and the 
long duration, respectively, of bronchodilation of 
inhaled formoterol fumarate in clinical trials (Le- 
caillon et al. 1997). There was no indication that 
formoterol produced a more pronounced tachyphy- 
laxis to (T-adrenoceptor stimulation in the bron- 
chial muscle of asthmatics than the |3 2 -adrenoceptor 
agonists normally used, e.g. salbutamol (Larsson 
et al. 1988, Arvidsson et al. 1989). Formoterol 
powder is as potent as solution (Clauzel et al. 
1991). 

In vitro, formoterol fumarate has been found to 
be about 50 times more potent than salbutamol on 
bronchial smooth muscle (Ida 1976, Decker et al. 
1982) and at least as |3 2 -selective as salbutamol and 
terbutaline (Decker et al. 1982). 

7.2.2 

Adrenolytic Drugs 

Although the adrenergic a-blocking agents are use- 
ful in the treatment of certain diseases of the respi- 
ratory system there is no corresponding therapeutic 
application for the adrenergic |3-blocking agents. 
The use of nonselective |3-blockers ((3! and |3 2 ) such 
as propranolol is contraindicated in about 5 % of 
patients suffering from disease of the heart and sys- 
temic circulation because the drug provokes an 
asthmatic attack. The development of (3-blockers 
with cardioselective action ((>! only) has been an 
important consideration in the improvement of 
nonselective (3-blockers. 

7.2.2.1 

Propranolol 

Propranolol is a cationic compound, which has a 
high affinity to acidic phospholipids. As an amphi- 
philic drug it partially penetrates into the hydro- 
phobic core of the membrane. Propranolol has been 
suggested to have two different binding sites in 
phospholipid membranes (Kubo et al. 1986, Koda- 
vanti and Mehendale 1990). Using X-ray diffrac- 
tion, Albertini et al. (1990) found propranolol to 
increase water layer thickness on DPPC membrane 
surface. Propranolol causing the formation of py- 
rene lipid-enriched microdomains decreased mem- 
brane fluidity (Jutila et al. 1998). The detachment 
of cytochrome c from liposomes by propranolol 



could de detected by stopped-flow. However, the 
process was too fast (complete within < 3 ms) so as 
to allow for detailed analysis. 

The occurrence of bronchospasm which appears 
with the use of propranolol for the treatment of car- 
diovascular diseases, can be explained by the pre- 
dominance of a-mediated bronchoconstriction as 
well as parasympathetic or vagal induced influences 
on the airways (Aviado and Miozzi 1981). 

Although total flow to ischaemic region may be 
reduced, Becker et al. (1971) suggested that pro- 
pranolol causes favourable redistribution of flow 
within the ischaemic area. Parr at (1980) argued 
that the results in their Table 2 showed that in the 
dogs subsequently given propranolol there was an 
abnormally large reduction in the endo/epi flow ra- 
tio following coronary artery occlusion (from a 
mean of 1.15 to 0.62). This was much larger than 
the reduction in the other two groups (1.13 to 0.85 
and 1.21 to 0.84, respectively). In the presence of 
propranolol, coronary occlusion resulted in an 
endo/epi ration of 0.84. Studies of Becker et al. 
(1975) and Kloner et al. (1976), also using radio- 
labelled microspheres (15 pm and 8 pm diameter, 
respectively) have failed to demonstrate a signifi- 
cant increase in subendocardial perfusion or an al- 
teration in the endo/epi flow ratio after propranolol 
administration in anaesthetised dogs subjected to 
coronary artery occlusion. It seems unlikely (Klo- 
ner et al. 1976) that propranolol-induced reduc- 
tions in “infarct size” are related to increased collat- 
eral blood flow or to its distribution within the is- 
chaemic area. 

In conscious dogs, Vatner et al. (1977) measured 
regional blood flow in myocardial ischaemia with 
radio-labelled microspheres of 9 pm diameter 
before coronary occlusion, 10-15 min after occlu- 
sion, and 15-20 min after giving 0.5-2 mg pro- 
pranolol/kg. There was a gradient of blood flow 
ranging from 0.31 ml/g x min (severely ischaemic 
zone) through 0.83 ml/g x min (moderately is- 
chaemic area) to 1.1 ml/g x min (in regions outside 
the area supplied by the occluded vessel). 

7.2.2. 2 
Nifenalol 

Nifenalol ( 1 -p-nitrophenyl-2-isopropylaminoetha- 
nol; INPEA), a so-called “pure” |3-receptor blocker 
(Dotti et al. 1968), induced its (3-blocking effect 
without bradycardia or significant changes in blood 
pressure. Piva and Ongari (1968) in 11 patients 
suffering from coronary artery disease by prophy- 
lactic intravenous infusion of 2 mg nifenalol/kg 
over 5 min prevented increase of both systolic and 
drop in diastolic blood pressure, tachycardia, short- 
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ening of the PQ, depression of the ST segment and 
flattening or biphasic T-wave induced by 60-90 ng 
epinephrine/kg x min for 20 min. Phillips (1980), 
p. 19) indicated nifenalol to be a non-selective 
blocker, while its a-methyl derivative (Somani 
1969) is |3 2 -selective. 

7. 2. 2. 3 

4-(2-Hydroxy-3-isopropylaminopropoxy)- 

acetanilide 

4 - (2 - Hydroxy- 3 - isopropylaminopropoxy) - acetanil- 
ide in contrast with propranolol even in high doses 
does not reduce myocardial contractility (Somani 
and Laddu 1969). It principally blocks myocardial 
|3 r receptors, nut not |3 2 -receptors in the bronchial 
mucosa (Palmer 1959). In the heart, ICI 50172 is 
unable to block the Pi-effects of isoprenaline 
completely without impairing the |3 2 -effects on the 
vessels (Parrat and Wadsworth 1969). 

7. 2.2.4 
Pindolol 

Compounds with electron-withdrawing groups on 
the aromatic ring as H87/07 (formula [109]) and 
pindolol (formula [110]) tend to be partial agonists. 

CH 3 -0-CH 2 -CH 2 -0-(|Q^-0-CH 2 -CH-CH 2 -NH-CH(CH3)2 
' OH 

H 87/07 [109] 

H 

OCH 2 CHCH 2 NHCH(CH3)2 

I 

OH 

Pindolol [110] 

7. 2.2. 5 
Carvedilol 

Carvedilol, l-(9H-carbazol-4-yloxy)-3-[[2-(2-meth- 
oxyphenoxy)ethyl] amino] -2-propanol, competi- 
tively inhibits (3-receptors (Sponer et al. 1987, Seki 
et al. 1988, Hattori et al. 1989, Nichols et al. 1989, 
De Mey et al. 1994, Sponer and Feuerstein 1999), 
blocks al-receptors (De Mey et al. 1994, Sponer 
and Feuerstein 1999), and acts as an antioxidant 
(Yue et al. 1992, 1999). 

Carvedilol is extensively metabolised with less 
than 2 % of the dose excreted unchanged in the 
urine (Neugebauer et al. 1987). The primary met- 
abolic pathways include glucuronidation, aromatic 



0 blockade 




antioxidant 



Chemical structure of carvedilol [72] 

ring oxidation and aliphatic side chain oxidation. 
The major route of elimination for carvedilol me- 
tabolites is via the bile into the faeces. 

Since the antioxidant capacity of carvedilol is 
believed to reside in the carbazole moiety (Yue et 
al. 1992, MacKerell jr. et al. 1995), Migliavacca 
et al. (1998) used 4-methoxycarbazole as a model 
compound for carvedilol, and 1-hydroxy- and 3- 
hydroxy-4-methoxycarbazole for its 1- and its 3- 
hydroxylated metabolites. 1 -Hydroxy- and 3-hydro- 
xy-4-methoxycarbazole have good antioxidant ac- 
tivities based of their AH abs values. These calcula- 
tions suggest that both compounds scavenge free 
radicals via direct H-atom transfer, since their oxyl 
radical is relatively stable. Hydroxylated carbazole 
derivatives such as carazostatin and carbazomycin 
show a considerable antioxidant activity, whereas 
non-hydroxylated carbazoles are inactive (Iwat- 
suki et al. 1993, Kato et al. 1993). 

7.2.3 

Cholinergic Activators 

Acetylcholine receptors in the plasma membrane 
were initially identified by immunoelectronmicros- 
copy using anti-acetylcholine receptor antibodies 
(Klymkowsky and Stroud 1979). Transversing the 
lipid bilayer is a central channel measured by struc- 
tural analysis as about 0.7 nm diameter (Kistler et 
al. 1982), close to the maximum diameter derived 
from electrophysiological measurements of conduc- 
tivity of organic cations of various size (Furukawa 
and Furukawa 1959, Maeno et al. 1977, Huang et 
al. 1978, Dwyer et al. 1980). Acetylcholine recep- 
tors are sevenfold membrane-spanning receptors 
(Kubo et al. 1986, Hesch 1991). 

Five distinct muscarinic receptors have been 
identified (M,-M 5 ) by molecular cloning, and there 
is evidence to suggest that at least four of them (M r 
M 4 ) are of functional importance within the airways 
(Barnes 1993). M,, M 3 , and M 5 receptors stimulate 
polyphosphoinositide hydrolysis, leading to an in- 
crease in inositol monophosphate. This occurs pre- 
dominantly through the stimulation of pertussis 
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toxin-insensitive G proteins of the G q and Gn class 
(Bou-Hanna et al. 1994). The M 2 and M 4 receptors, 
which primarily inhibit adenylyl cyclase, are cou- 
pled to pertussis toxin-sensitive G proteins of the 
Gi/G 0 class (Parker et al. 1991). Steel and Hanra- 
han (1997) investigated the G protein coupling 
mechanism by incubating golden Syrian hamster 
airway epithelial secretory cells for 16 h with per- 
tussis toxin. Mucus secretion could be stimulated 
by muscarinic receptor stimulation (100 /iM carba- 
chol) coupled to a pertussis toxin-sensitive G pro- 
tein and appears to require the activation of a phor- 
bol ester-insensitive isoform of protein kinase C. 
There was evidence to suggest, that muscarinic- 
induced mucus secretion does not involve NO, as 
inhibition of NO production by A^-nitro-L-arginine 
methyl ester had no significant effect on basal high- 
molecular-weight glycoconjugate secretion. 

Autoradiographs of lungs from adult male 
Sprague-Dawley rats injected with the muscarinic 
binding probe 3 H-quinuclidinyl benzilate showed 
little labelling despite a 6 month exposure time 
(Smith and Sidhu 1984). 

7.2.3.1 

Acetylcholine 

Goblet cell in the rat nasal mucosa after stimulation 
with 10 uM acetylcholine had a typical goblet shape 
after conventional fixation with 2.5 % glutaraldy- 
hyde in 0.1 M phosphate buffer (pH 7.4) for 1 h and 
postfixation in 2 % osmium tetroxide in phosphate 
buffer for 1 h. (Shimomura et al. 1996). The dis- 
rupted plasma membrane and the granule contents 
extruded into extracellular space were often ob- 
served in the stimulated goblet cells. After quick- 
freezing in liquid nitrogen and freeze-substitution 
according to Yoshihara et al. (1986) secretory 
granules by stimulation with acetylcholine became 
large in size, and tended to come into contact with 
each other. A pentalaminal structure was often de- 
tected. 

7.23.2 

Carbamylcholine 

0.1 mM Carbamylcholine added after two hours of 
incubation had no effect on the secretion of Clara 
cell secretory protein by lung explants (Hook et al. 
1990). 



7. 2.3. 3 
Pilocarpine 




Pilocarpine [111] 

Pilocarpine, (3S,4R)-3-ethyl-4,5-dihydro-4-(l-meth- 
yl-5-imidazolylmethyl)-2(3H)-furanon, 150 mg/kg 
rat subcutaneously, induced both the release of 
available and the formation of new secretory gran- 
ules, which migrated from the basal to the apical 
part of the Clara cells and were extruded 1 to 2 h 
later (Yoneda 1977). Quantitatively, Massaro et al. 
(1979) found 150 mg pilocarpine/kg rat given intra- 
peritoneally to decrease the volume density of se- 
cretory granules of Clara cells for about 25 % within 
30 min and about 50% within 60 min ( P <0.01). 
Within 2 h after giving pilocarpine, the volume 
density of the secretory granules had returned to 
control levels. 14 mg Atropine/kg rat blocked the 
fall as measured 1 h after the injection of the two 
drugs. 

Goblet cell population increased in the guinea 
pig (body weight 400 to 500 g) trachea after intra- 
peritoneal application of 12 daily successive doses 
of 2.5 mg pilocarpine (Ranga and Kleinerman 
1982). 

7.2. 3.4 
Nicotine 

The gradual decline of the concentration of pulmo- 
nary neuroendocrine cell immunoreactive calcito- 
nin in newborn hamster lung cells cultured over 
4 weeks was prevented when the medium was sup- 
plemented with nicotine for 3 weeks (Nylen et al. 
1993). 

7.2.4 

Anticholinergic Drugs 

7.2.4. 1 
Atropine 

Pre-treatment of cultured hamster tracheal goblet 
cells with 100 /iM atropine 1 h before addition of 
100 /rM carbachol significantly inhibited the 
carbachol-induced mucin secretion (Steel and 
Hanrahan 1997). 
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Fig. 75. A ciliated and a serous cell from the bronchiolar epi- 
thelium of a female white rat (breeder: Winkelmann, 
Borchen-Kirchborchen) which inhaled micronized deptro- 
pine citrate and isoprenaline hydrochloride aa from a suspen- 
sion type self-propelled aerosol (Medihaler). 12 Puffs/min 
were dispersed into a 164.5 1 box where the animals stayed for 
1 5 min. 1 h later under methitural anaesthesia, the lung was 
fixed by intratracheal instillation of 2.5 % glutaraldehyde in 
phosphate buffer (pH 7.4) before opening the thorax. Postfix- 
ation with 1 % osmium tetroxide in phosphate buffer 
(pH 7.4). Contrasted en bloc for 12 h with 0.5 % uranyl ace- 
tate in 70 % ethanol. Embedded in a 2 : 8 mixture of methyl 
and butyl methacrylate. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Plate 52/03 

7. 2.4. 2 
Benztropine 

3-(10,ll - dihydro - 5H - dibenzo [a,d] cyclohepten - 5 - 
yloxy)-tropane citrate inhibiting salivary secretion 
in the rabbit at an ED 50 of 1 10 mg/kg s.c. and 28 mg/ 
kg p.o. (Funcke et al. 1964) was tested in rats inhal- 
ing micronized drug in combination with the p- 
adrenergic isoprenaline (Fig. 75). 

7.2.5 

Vitamins 

7. 2.5.1 
Retinoids 

Retinoids play a major role in lung embryology and 
organogenesis, deficiencies of dietary retinoic acid 



or vitamin A are risk factors for the development of 
lung cancer, and retinoids are being tested in lung 
cancer chemoprevention trials (Chytil 1996, 
Minna and Mangelsdorf 1997). 

Hind et al. (2002) described the temporal and 
spatial expression of the retinoid-synthesizing en- 
zymes Aldh-1 and Raldh-2 in the postnatal mouse 
lung. Both enzymes are upregulated during the pe- 
riod of maximal alveolar wall cell proliferation. 
Aldh-1 is located in the bronchial epithelium and 
alveolar parenchyma, and Raldh-2 is restricted to 
the bronchial epithelium and pleural mesothelial 
cells. 

Retinoid function, in general, appears to be sup- 
ported by at least two receptors, cellular retinoic 
acid-binding protein (Sundelin et al. 1985b) and 
cellular retinol-binding protein (Sundelin et al. 
1985a). These proteins together with cytosolic fatty 
acid-binding protein constitute a multigene family 
(Bass 1988, Kaikaus et al. 1990). Abnormalities of 
retinoic acid receptors (RAR) have been implicated 
in the pathogenesis of lung cancer with several 
studies indicating abnormalities of the expression 
or function of RARp wich maps to chromosome re- 
gion 3p24, a frequent site of allele loss in lung can- 
cer (Gebert et al. 1991, Nervi et al. 1991, Geradts 
et al. 1993, Zhang et al. 1994, Moghal and Neel 
1995). 

Squamous differentiation of rabbit tracheal epi- 
thelium in primary culture was associated via ex- 
pression of cytokeratins CK13/CK4 and transgluta- 
minase I specific markers of metaplasia. Treatment 
with retinoic acid receptor subtype RARa (CD336) 
and |3 (CD2019) agonists or RAR panagonist, but 
not the RARy (CD437) agonist or ARX agonist 
(CD2624), is required for the inhibition of squa- 
mous metaplasia, evidenced by inhibition of CK13/ 
CK4 and transglutaminase I expression (Boisvieux- 
Ulrich et al. 2000). The expression of CK10 cyto- 
keratin of keratinizing epithelia, CK14/CK5 basal 
cell cytokeratins, and CK6 marker of cell prolifera- 
tion decreases upon exposure of the RARa/p and 
RXR agonists. The RARy agonist CD437, inactive in 
the decrease in CK13/CK4, CK10 and CK14, reduces 
CK5/CK6 amounts. CD437 is responsible for the 
dose-dependent apoptotic response. Nuclear label- 
ling with propidium iodide and electron micros- 
copy revealed chromatin condensation and nuclear 
fragmentation. 

7.2.5.1.1 
Retinoic Acid 

Retinoic acid modulated secretion of normal hu- 
man tracheobronchial epithelial cells in air-liquid 
interface cultures (Yoon et al. 1997). 1.5 nM was re- 
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quired to achieve maximum mucin production 
compared with 50 nM of retinol. Retinoid deficient 
cultures produced very small, but measurable 
amounts of mucin. While removal of retinoic acid 
from the media caused a dramatic reduction of mu- 
cin secretion, lysozyme secretion increased > 10- 
fold and secretory leucocyte protease inhibitor se- 
cretion increased almost 2-fold. 

The antioxidant activity of retinoids against lipid 
peroxidation has long been observed both in vitro 
(Nicotra et al. 1975, Halevy and Sklan 1987, 
Vile and Wintebourn 1988, Das 1989, Livrea et 
al. 1992) and in vivo (Kartha and Krishnamur- 
thy 1977, Ciaccio et al. 1993). Samokyszyn and 
Marnett (1987) showed that 13-czs-retinoic acid 
may react with peroxyl radicals by addition but not 
H-atom abstraction. 

Inhaled aerosolization of all-fraws-retinoic acid 
for targeted pulmonary delivery in rats showed a 
significantly longer pulmonary half-life of the drug 
(5-17 h), lower peak serum concentrations 
(71 ±31 ng/ml) and lower liver levels (111 ±28 ng/g) 
than the same dose administered intravenously 
(2 h, 838 ±0.56 ng/ml, 4258 ± 1006 ng/g, respec- 
tively; P < 0.05 for each comparison) (Brooks et al. 
2000). Histologic examination of lungs and trachea 
showed no focal irritation attributable to the drug 
after single-dose administration. 

[ 3 H] Retinoic acid-treated human tracheobron- 
chial epithelial cells contained several polar retinoic 
acid metabolites that coeluted with 4-oxo-, 4- 
hydroxy-, and 18-hydroxy-retinoic acid (Kim et al. 
2000). 4-Hydroxy-retinoic acid could effectively in- 
duce MUC2 and MUC5AC mRNA expression in hu- 
man tracheobronchial epithelial cells, indicating 
that it is an active retinoid able to induce mucous 
cell differentiation. 

Retinoic acid 5,6-epoxidation was catalysed by 
human blood cells but not by human plasma, and 
purified human haemoglobin also catalysed the ep- 
oxidation of retinoic acid to 5,6-epoxyretinoic acid 
(Iwahashi et al. 1985). 

7.2. 5. 1.2 
Retinol 

All- trans-retinol showed the highest antioxidant 
activity (Livrea et al. 1992). Tesoriere et al. (1993) 
initiating the oxidation of 315 mM methyl linoleate 
in methanol by 1.5 mM of the lipid-soluble 2,2’- 
azobis (2,4-dimethylvaleronitrile) achieved distinct 
short, distinct inhibition periods, linearly depend- 
ent on the concentration (8 and 16 pM) of the 
added all-trans-retinol, after which lipid peroxida- 
tion occurred at a rate similar to that observed in 
its absence. When 2,2’-azobis (2,4-dimethylvalero- 



nitrile) was incorporated into the lipid bilayer, the 
oxidation of multilamellar phosphatidylcholine li- 
posomes was inhibited by 3.3 a-tocopherol for 
140 min, and by 3.3 uM all- trans-retinol for 
220 min. Because of its polyenoic chain, all-frans- 
retinol mobility in the liposome lipid bilayer may 
be higher than that of a-tocopherol that penetrates 
the lipid bilayer with its saturated phytil tail. This 
circumstance would strongly favour interactions of 
all- trans-retinol with lipid radicals and could ex- 
plain the higher antioxidant potency of all- trans- 
retinol when radicals are generated inside the lipid 
bilayer, as compared to a-tocopherol (Takahashi 
et al. 1989). 

The role of vitamin A in maintaining mucus- 
secreting epithelia depends upon the ability of the 
vitamin to facilitate the secretion of mucopolysac- 
charides or glycoproteins from epithelial cells by an 
action on the plasma membrane of these cells. 

Synthesis of keratins 5, 6, 14, 16, and 17 was 
greatly reduced in tracheobronchial tissue from pa- 
tients undergoing surgery for bronchial obstruction 
or from autopsy specimen excised within 24 h after 
death or rhesus monkeys aged 2 to 23 y cultured in 
MEM + 1 uM retinol (Huang et al. 1994). Synthesis 
of keratins 7, 8, 10, 13, 15, 18, and 19, however, was 
slightly enhanced. These changes were also re- 
flected at the mRNA level as demonstrated by cell- 
free translation and by cDNA cloning of human ker- 
atin genes based on differential hybridisation. 

7. 2. 5. 2 
Tocopherols 

Vitamin E of natural origin consists of a group of 
compounds, namely a-, |3-, y-, e-, £ r , ^ 2 -> and R- 
tocopherol. Of these compounds RRR a-tocopherol 
has the highest vitamin potency in vivo (Witting 
1980). The a-tocopherol molecule is composed of a 
chroman head and a phytyl side chain. It is gener- 
ally believed that the phytyl chain intercalated with 
the fatty acid residues of phospholipids, while the 
chroman head - responsible for the antioxidant ef- 
fect - faces the cytosol, although the chroman ring 
is still located in the hydrophobic zone of the lipid 
bilayer (Erin et al. 1988). In the antioxidant activity 
of vitamin E, a radical (R‘) abstracts a hydrogen 
atom from the aromatic hydroxyl group of the chro- 
man heard (ArOH) rather than from a polyunsatu- 
rated fatty acid, and a chromanoxyl radical is 
formed (ArO‘). 

R' + ArOH — *-RH + ArO' [54] 

The chromanoxyl radical is fairly stable, due to de- 
localization of the unpaired electron. The oxygen in 
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Fig. 76. Plenty of endoplasmic reticulum and 
polysomes in the apical part of a Clara cell 
from a female rat (breeder: Winkelmann, 
Borchen-Kirchborchen), which received daily 
intragastric applications of 82 mg retinol pal- 
mitate per kg body weight x day, 5 days per 
week from April 17 to June 20, 1967 for a to- 
tal of 42 days. Fixed on June 20, 1967 under 
methitural anaesthesia by intratracheal in- 
stillation of 2.5 % glutaraldehyde in phos- 
phate buffer (pH 7.4) before opening the tho- 
rax. After washing in phosphate buffer the 
tissue was postfixed with 1 % osmium te- 
troxide in phosphate buffer for 2 h. Con- 
trasted en bloc for 12 h with 0.5 % uranyl 
acetate in 70 % ethanol. Embedded in a 2 :8 
mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Rey- 
nolds (1963). Plate 12/07 




the heterocyclic chroman ring is fixed in such a po- 
sition that there is considerable overlap between the 
2p-type orbital of the lone electron pair of the oxy- 
gen and the aromatic Tt-system (Burton and In- 
gold 1981, Burton et al. 1985). This permits stabi- 
lisation of the chromanoxyl radical by interaction of 
the unpaired electron with a lone pair of oxygen. 
Thus the degree of delocalization of the free radical 
is enhanced. 

The lipid peroxyl radical (LOO’) can be scavenged 
by tocopherol (TOH) as follows: 

LOO' + TOH — »-LOOH +TO' [55] 

The initial phase is termed lag phase time (t inh ) or 
inhibition period. 

d [LOOH] k p [LH]R r 

9jnh | FT/— U-Il 

at n kj n h [TOH] 

tj n h = length of lag phase = n [57] 

Rj 

The factor n is defined as the number of peroxyl 
radicals LOO' trapped by each molecule of antioxi- 
dants. For vitamin E the value is 2, since both vita- 
min E and vitamin E radical (tocopheryl radical) 
trap LOO’. The length of the lag phase is inversely 
proportional to the rate R,, by which the initiating 
radicals are formed. 

By confocal laser microscopy and flow cytometry 
Kolleck et al. (2002) showed that type II cells ac- 
cumulate protein-labelled high-density lipoprotein 




Fig. 77. Brush cell from the bronchiolar epithelium of a fe- 
male rat (breeder: Winkelmann, Borchen-Kirchborchen) 
which received daily intragastric applications of 82 mg reti- 
nol palmitate per kg body weight x day, 5 days per week from 
April 17 to June 20, 1967 for a total of 42 days. Fixed on June 
20, 1967 under methitural anaesthesia by intratracheal instil- 
lation of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) 
before opening the thorax. After washing in phosphate buffer 
the tissue was postfixed with 1 % osmium tetroxide in phos- 
phate buffer for 2 h. Contrasted en bloc for 12 h with 0.5 % 
uranyl acetate in 70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Plate 3601 
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particles. Vitamin E depletion in rats increased 
high-density lipoprotein particle uptake in alveolar 
type II cells and the expression of megalin. The ex- 
pression of cubilin did not change. Refeeding with 
vitamin E reversed high-density lipoprotein parti- 
cle uptake and megalin expression. Long-time incu- 
bation of type II cells with 12-0-tetradecanoylphor- 
bol- 13-acetate reduced high-density lipoprotein 
holoparticle uptake and megalin expression. 

Cubilin is a membrane protein that does not con- 
tain typical transmembrane sequences and con- 
vincing evidence has been presented that cubulin 
and megalin interact in concert to mediate particu- 
late uptake of high-density lipoprotein as well as al- 
bumin absorption. Megalin contains a short trans- 
membrane sequence (Moestrup et al. 1998, Ham- 
mad et al. 2000, Zhai et al. 2000). Both cubilin and 
megalin are expressed in the lung (Kounnas et al. 
1994, Zheng et al. 1994) 

Pope et al. (2000) extracted the vitamin E metab- 
olites from urine of rats fed 14 C-labelled a- 




Fig. 78. Kinocilia with a vesicular component in the outer 
zone alongside the axonema. Bronchiolar epithelial cell of a 
female rat (breeder: Winkelmann, Borchen-Kirchborchen) 
treated with 150 mg DL-a-tocopherol acetate per kg body 
weight X day, 5 days per week. The colloidal aqueous solution 
was injected intamuscularly from April 12 to June 20, 1967 for 
a total of 45 days. Fixed under methitural anaesthesia by in- 
tratracheal instillation of 2.5 % glutaraldehyde in phosphate 
buffer (pH 7.4) before opening the thorax. After washing in 
phosphate buffer the tissue was postfixed with 1 % osmium 
tetroxide in phosphate buffer for 2 h. Contrasted en bloc for 
12 h with 0.5 % uranyl acetate in 70 % ethanol. Embedded in 
a 2 : 8 mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 31/10 



tocopherol and a healthy human volunteer after a 
single oral dose of 300 mg of d 6 -a-tocopheryl ace- 
tate. They have identified a-tocopheronolactone 
and the 2,5,7,8-tetramethyl-2-(2’-carboxyethyl)-6- 
hydoxychroman metabolites derived from a-, 6-, 
and y-tocopherol. In addition they have tentatively 
identified a novel group of vitamin E metabolites, 
which are related to the 2,5,7,8-tetramethyl-2-(2’- 
carboxyethyl)-6-hydoxychromans but have three 
extra carbons in the side chain. 



7.2. 5. 3 

Pantothenic Acid 

Pantothenic acid is one of the three substrates 
needed to synthesise coenzyme A. It is phosphory- 
lated to 4’-phosphopantothenic acid by the action 
of pantothenate kinase (Abiko et al. 1972). The for- 
mation of 4’-phosphopantetheine is a two-step pro- 
cess in which 4’-phosphopantothenic acid and l- 
cysteine are first converted to 4’-phosphopantothen- 




Fig. 79. Bronchiolar kinocilium showing membrane bound 
vesicles in the outer zone alongside the axonema. Bronchiolar 
epithelium of a female rat (breeder: Winkelmann, Borchen- 
Kirchborchen) treated for 5 days per week with 150 mg DL-a- 
tocopherol acetate per kg body weight x day. The colloidal 
aqueous solution was injected intramuscularly from April 12 
to June 20, 1967 for a total of 45 days. Fixed under methitural 
anaesthesia by intratracheal instillation of 2.5 % glutaralde- 
hyde in phosphate buffer (pH 7.4) before opening the thorax. 
After washing in phosphate buffer the tissue was postfixed 
with 1 % osmium tetroxide in phosphate buffer for 2 h. Con- 
trasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % eth- 
anol. Embedded in a 2 :8 mixture of methyl and butyl meth- 
acrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 31/12 
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oyl-cysteine by formation of a peptide linkage fol- 
lowed by decarboxylation of the cysteine. In the fi- 
nal steps in the pathway, 4’-phosphopantetheine is 
adenylated to form dephospho-coenzyme A, and 
dephospho-coenzyme A is phosphorylated at the 3’ 
position of ribose to form coenzyme A. 

Pantothenyl alcohol, an alcohol analogue corre- 
sponding to pantothenic acid, has a pantothenic 
acid-like activity in mammals (Pfaltz 1943, 
Jurgens and Pfaltz 1944, Hegsted 1948, Weiss et 
al. 1950, Lih et al. 1951, Ludovici and Axelrod 
1951, Hirabayashi 1964, Inagawa 1964). The oxi- 
dation of the alcohol to pantothenic acid in vivo 
(Burlet 1944, Schmidt 1945, 1947, Drekter et al. 
1948, Rubin 1948, Rubin et al. 1948, 1950, Cro- 
kaert 1953, Braekkan 1955, Yamawaki and 
Ishida 1961) and in vitro (Abiko et al. 1969) was 
confirmed by many investigators. Abiko et al. 
(1969) purified the enzyme responsible for the first 
step of the oxidative reactions from rat liver and ev- 
idenced its identity with alcohol : NAD oxidoreduc- 
tase (EC 1.1. 1.1). 

Daily intraperitoneal administration of panto- 
thenic acid (100 mg/kg) for 5 days conferred signif- 
icant protection against the peroxidative actions of 
a 0.5 ml/kg intraperitoneal dose of CC1 4 in rats 
(Nagiel-Ostaszewski and Lau-Cam 1990). Lipid 
peroxidation by incubation of Ehrlich ascites tu- 
mour cells with FeCl 2 + H 2 0 2 was partly prevented 
by preincubation with D-pantothenate, 4’-phospho- 
pantothenate, D-pantothenol, or pantethine (Sly- 
shenov et al. 1995). Rats exposed to y radiation 
from a 60 Co source, receiving 0.25 Gy at weekly in- 
tervals were protected from the deleterious effects 
by 26 mg pantothenol/kg x day given for 2 d before 
each irradiation (Slyshenov et al. 1998). 

Homopantothenic acid, which is not a coenzyme 
A precursor, did not exert a protective effect against 
reactive oxygen species (Slyshenov et al. 1995). 
Slyshenov et al. (1995, 1995, 1998, 1999) therefore 
proposed that the observed protective effects of 
pantothenic acid and some of its derivatives against 
cell and tissue injury may be due to stimulation of 
biosynthesis of coenzyme A and glutathione. 

Schafer and Buettner (2001) discuss how the 
redox state of the glutathione disulphide- glutathi- 
one couple (GSSG/2GSH) can serve as an important 
indicator of redox environment. There are many re- 
dox couples in a cell that work together to maintain 
the redox environment; the GSSG/2GSH couple is 
the most abundant redox couple in the cell. 
Changes of the half-cell reduction potential (E hc ) of 
the GSSG/2GSH couple appear to correlate with the 
biological status of the cell: proliferation E hc ~ 
-240 mV ; differentiation E hc ~ -200 mV ; or apop- 
tosis E hc ~ -170 mV. These estimates can be used to 




Fig. 80. Two ciliated and a Clara cell from a bronchiole (block 
B5) of a female rat (breeder: Winkelmann, Borchen- 
Kirchborchen) medicated for 5 days per week with 125 mg 
dexpanthenol in a 5 % aqueous solution (Bepanthen) per kg 
body weight x day from April 17 to August 14, 1967 for a total 
of 82 days. Fixed on August 14, 1967 under methitural anaes- 
thesia by intratracheal instillation of 2.5 % glutaraldehyde in 
phosphate buffer (pH 7.4) before opening the thorax. After 
washing in phosphate buffer the tissue was postfixed with 1 % 
osmium tetroxide in phosphate buffer for 2 h. Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in a 2 : 8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
3599 

more fully understand the redox biochemistry that 
results from oxidative stress. 

7.2.6 

Bradykinin 

Bradykinin (H-Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe- 
Arg-OH) releases bronchodilator 'NO from the air- 
way epithelium (Ricciardolo et al. 2000). 
Bradykinin-induced 'NO release was higher in tra- 
cheal than in main bronchial segments of the 
guinea pig. The selective bradykinin B 2 receptor an- 
tagonist D-Arg°-[Hyp 3 ,Thi 5 ,D-Tic 7 ,Oic 8 ]bradykinin 
(1 pM) inhibited 'NO release induced by a submaxi- 
mum concentration of bradykinin (1 pM). 
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Fig. 81. Vacuolar transformation of the endoplasmic reticu- 
lum in the apical region of a type 2 Clara cell from a ca. 235 g 
female rat (breeder: Winkelmann, Borchen-Kirchborchen) 
treated for 5 days per week with 125 mg dexpanthenol in a 
5% aqueous solution (Bepanthen) per kg body weight x day 
from April 17 to August 14, 1967 for a total of 82 days. Fixed 
on August 14, 1967 under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. After washing in phos- 
phate buffer the tissue was postfixed with 1 % osmium tetrox- 
ide in phosphate buffer for 2 h. Contrasted en bloc for 12 h 
with 0.5 % uranyl acetate in 70 % ethanol. Embedded in a 2 :8 
mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 9/07 



7.2.7 

Expectorants 

7.2.7.1 

Bromhexine 

Bromhexine (4 mg Bisolvon given 3 times per day) 
after several days induced both serous and muci- 
parous cells of human bronchial glands to increase 
their secretory activity (Gieseking and Baldamus 
1968). The lysosome-like secretory granules of the 
serous cells, which are suggested to be enzyme 
complexes, dissolve after their touch with mucus 
discharges by the mucous cells. 



7. 2. 7. 2 
Cistinexine 

Cistinexine is a compound derived from cystine 
that has shown an expectorant action similar to 
bromhexine in preclinical pharmacological trials 
(Recordati 1989). 

7.2.73 

Ozothin 

The secretolytic oxidised oleum terebinthinae 
“Landes” dispensation, Ozothin (7.5 ml intrave- 
nously for 2 days) stimulated the serous cells in the 
sero-mucous acini of the human bronchial glands 
(Bauer 1973). 



Fig. 82. Clara cells from the bronchiolar epithelium (block 
4482) of a 200 g male Sprague-Dawley rat (breeder: Charles 
River, France) which received a single intratracheal instilla- 
tion of 50 mg anatase (titanium dioxide P 25, Degussa, Frank- 
fort on the Main) suspended in 0.5 ml saline. Animal medi- 
cated for 4 days with intraperitoneal injection of 15 mg car- 
bocromene in 10 % methylcellulose per kg body weight x day. 
On July 25, 1978, under pentobarbital anaesthesia the lung 
was fixed by intratracheal instillation of 2.5 % glutaraldehyde 
in 0.1 M sodium cacodylate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in so- 
dium cacodylate buffer. Embedded in Epon 812 and sec- 
tioned at 50 nm. Lead citrate and uranyl acetate. Plate 4139 
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7.2.8 

Carbocromene 




Fig. 83. Type 4 Clara cell from the bronchiolar epithelium 
(block 4482) of a 200 g male Sprague-Dawley rat (breeder: 
Charles River, France), which received a single intratracheal 
instillation of 50 mg anatase (titanium dioxide P 25, Degussa, 
Frankfort on the Main) suspended in 0.5 ml saline. Animal 
medicated daily with intraperitoneal injection of 15 mg car- 
bocromene in 10 % methylcellulose per kg body weight x day. 
On July 25, 1978, under pentobarbital anaesthesia the lung 
was fixed by intratracheal instillation of 2.5 % glutaraldehyde 
in 0.1 M sodium cacodylate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in so- 
dium cacodylate buffer. Embedded in Epon 812 and sec- 
tioned at 50 nm. Lead citrate and uranyl acetate. Plate 4137 



In the rat, carbocromene (also known as Cassella 
4489, Abbott-27053, and Intensain hydrochloride) 
was hydrolysed more rapidly by pulmonary or he- 
patic homogenates than by cardiac or renal ones 
(Klarwein and Nitz 1965). As to in vitro conver- 
sion by human plasma, the half-life was calculated 
to be 2.68 ± 0.96 min (Martin and Wiegand 1970). 

7.2.9 

Isoniazide 

Isoniazide (isonicotinic acid hydrazide) has been 
reported to get oxidised by the peroxidase system 
forming an excited product (Zinner et al. 1977, 
Albano and Tomasi 1987). Except for the two hy- 
drazones, all metabolites are ineffective in tubercu- 
lostasis. Therefore the portion of isoniazid, which is 
acetylated should be minimised by medicating p- 
amino salicylic acid or other salicylates simulta- 
neously (Bartmann 1974, Jungbluth and Reim- 
ers 1981). The mechanism of acetate transfer in- 
volves two consecutive steps: acetylation of the en- 
zyme N-acetyltransferase (EC 2. 3. 1.5), which is 
found in the cytosol of mammalian cells, by acetyl- 
CoA giving acetyl-acetyltransferase, which then 
transfers the acetyl group to an acceptor substrate 
as was shown by the isolation of [ 14 C] acetyl- 
acetyltransferase, which donated its labelled acetate 
group to isoniazid (Steinberg et al. 1971). Besides, 
continuous administration of l-acetyl-2-nicotinoyl- 
hydrazine (0.4% in the drinking water) also in- 
duced lung tumours in Swiss mice (Toth and Shi- 
mizu 1973). Using 50-100mM phenyl-ferf-butyl- 



Fig. 84. Bronchiolar Clara cells of a male 
mouse (M 91/61) which was medicated with 
intraperitoneal injections of 100 mg isonia- 
zide (Neoteben) per kg body weight every 
week and was sacrificed under methitural 
anaesthesia after 41 days of experimenta- 
tion. Fixed in Carnoy’s fluid (ethanol - 
chloroform - glacial acetic acid). Paraffin 
embedding. Trichrome stain after Goldner. 
Eyepiece Leitz Periplan 4x; objective Leitz 
PI Oil 100/1.32 






7.3 Toxicology 177 



nitrone as the stable spin trap, Sinha (1987) found 
that perfusion of the male Sprague-Dawley rat liver 
with isoniacid (5-10 mM) resulted in the formation 
of some carbon-centred radical which was shown to 
be the acetyl radical. Employing the ESR spin trap- 
ping technique in vivo to detect the formation of 
the 5,5-dimethyl- 1-pyrroline N-oxide/haemoglobin 
thiyl free radical adduct in the blood of rats follow- 
ing administration of isoniazide at its LD 50 level 
(650 mg/kg), Maples et al. (1988) could not detect 
any ESR signal. 

Aminoguanidine, Ai,AP-diaminoguanidine, isonia- 
zid, hydroxylamine and hydrazine are weak sub- 
strates for horseradish peroxidase in the reaction: 

Enzyme-Fe(lll) + H 2 0 2 — *-Enzyme'Fe(IV)=0 + Fl 2 0 [112] 

In the reaction with hydrogen peroxide [112] the 
enzyme itself is oxidised and returns to its ground 
state by oxidising a suitable substrate (reactions 
[113] and [114]). 

Enzyme’-Fe(IV)=0 + substrate 

— »-FI-Enzyme-Fe(IV)=0 + substrate [113] 

FI-Enzyme-Fe(IV)=0 + substrate 

— *-Enzyme-Fe(lll) + H 2 0 + substrate’ [114] 

The same compounds inhibited the reaction of My- 
cobacterium tuberculosis peroxidase-catalase with 
hydrogen peroxide, and hyroxylamine was found to 
be a weak substrate for this enzyme (Brimnes et al. 
1999). 

7.2.10 

Streptozotocin-lnduced Diabetes 

Streptozotocin (75 mg per kg body weight) mark- 
edly decreased the number of dense oval granules 
in the Clara cells of the rat (Plopper and Mori- 
shige 1979). When present, they were usually 
smaller in size, but generally retained their electron 
density. The rode-shaped granules present in the 
apical portion of the Clara cell increased in num- 
ber: six or more were observed in 28 of the 57 cells 
examined. Therapy with insulin successfully re- 
versed changes produced by streptozotocin- 
induced diabetes. 



7.3 

Toxicology 

7.3.1 

Ciliated Cells 

Stockinger et al. (1989) divided the pathological 
findings on the ciliary apparatus as observed in the 
respiratory mucosa of humans into three groups of 
arrest levels, referring to the physiological develop- 
ment of the ciliary apparatus: 

aplasia of the ciliary apparatus (Gotz and 
Stockinger 1983), 

disturbances in kinetosome differentiation (Lun- 

garella et al. 1985), 

disorders of the peripheral ciliary shaft. 

In primary ciliary dyskinesia patients showed a 
range of ultrastructural defects, such as reduced 
numbers of dynein arms - including inner, outer 
and both inner and outer dynein arms - as well as 
excentrically located central microtubules, extra 
single microtubules, and displaced peripheral dou- 
blet microtubules and compound cilia (De Iongh 
and Rutland 1995). Other microtubule defects 
seen commonly included absence of one or more 
peripheral doublets, supernumerary doublets, and 
absence of the “B” tubule in peripheral doublets. 
Abnormal orientation of cilia was also commonly 
seen in patients with primary ciliary dyskinesia. 

Focal swelling of the ciliary membrane have 
been produced in the respiratory mucosa after ex- 
posure to heat (von Mecklenburg et al. 1974), io- 
nising radiation (Baldetorp et al. 1977), ozone 
(Sato et al. 1976) and influenza virus (Irivani et al. 
1978). Local sheet-like outgrowth of the ciliary 
membrane, named ciliary knob genesis, may be a 
fixation artefact depending on the osmotic pressure 
of the buffer systems (Brunk et al. 1975, Ericsson 
et al. 1978), different physiological conditions at the 
time of fixation (Ehlers and Ehlers 1978) or may 
indeed by a degenerative phenomenon (Dalen 
1981). 

Hydrogen peroxide in concentrations from 16 to 
64 /iM significantly decreased mucociliary trans- 
port in frog palate preparations (Macchione et al. 
1998). Palates submitted to 64 /rM of H 2 0 2 returned 
to their baseline level of mucociliary transport 
within 30 min of recovery in Ringer’s solution. 

Exposure of human nasal ciliated epithelium to 
reactive oxidants generated by the enzymatic xan- 
thine - xanthine oxidase superoxide/hydrogen per- 
oxide (0 2 *7H 2 0 2 ) and glucose - glucose oxidase 
H 2 0 2 -generating systems, or to reagent H 2 0 2 or hy- 
pochlorous acid (HOC1) resulted in significant al- 
terations in ciliary beating (Feldman et al. 1994). 
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Ni 2+ in an in vitro model of the trachea of the 
Syrian golden hamster significantly decreased cili- 
ary activity in concentrations as low as 0.011 mM 
(Adalis et al. 1978). Validation of the in vitro re- 
sults occurred when hamsters were exposed to a 
NiCl 2 aerosol at concentrations of 100 to 275 [i g of 
nickel per m 3 . 

In beagle dogs exposed over a period of 290 days, 
22.5 h/d and 7 days/week, at an S(IV) concentration 
of 0.3 mg m" 3 equivalent to S0 2 concentration of 
0.6 mg m' 3 , focal lesions of the tracheal epithelium 
were characterised by the disappearance of cilia 
and presence of microvilli-like short rods (Take- 
naka et al. 1992). The basal bodies frequently pre- 
sented abnormal features. 

In southwestern metropolitan Mexico City chil- 
dren repeatedly exposed to a complex mixture of 
air pollutants, nasal biopsies showed ciliary abnor- 
malities, including absent central microtubules, su- 
pernumerary central and peripheral tubules, ciliary 
microtubular discontinuities, and compound cilia 
(Calderon-Garciaduenas et al. 2001). 

In rabbits exposed to polluted air, the ciliated 
cells, less numerous than in normal cases, showed 
an evident decrease in the number and size of the 
cilia, exposing apical microvilli (Gulisano et al. 
1995). 

Diesel exhaust (mass median diameter < 10 pm) 
at 300 pg/m 3 associated with concentrations of N0 2 
of 1.6 ppm, "NO of 4.5 ppm for 1 h, CO of 7.5 ppm, 
total hydrocarbons of 4.3 ppm, formaldehyde of 
0.26 mg/m 3 , and 4.3 x 10 6 suspended particles/ml in 
healthy human volunteers exposed for 1 h in bron- 
chial epithelium gained by biopsies taken 6 h later 
had induced a 198% median relative increase in 
area staining for interleukin-8 and a 229 % median 
relative increase in growth-regulated oncogene-a 
(Salvi et al. 2000). 

Diesel exhaust particles were taken up by human 
airway epithelial cells in vitro and induced a time- 
and dose-dependent membrane damage (Boland 
et al. 1999). They induced a time-dependent in- 
crease in interleukin-8, granulocyte-macrophage 
colony-stimulating factor, and interleukin- 1 13 re- 
lease. This inflammatory response occurred later 
than phagocytosis, and its extent seems to depend 
on the content of adsorbed organic compounds be- 
cause carbon black had no effect on cytokine re- 
lease. 

Acetaldehyde reduced bovine bronchial epithe- 
lial cell ciliary motility by inhibiting cAMP- 
mediated phosphorylation (Wyatt et al. 1997). 
When ciliary axonemata were phosphorylated in 
vitro, 1 mM acetaldehyde (a subciliastatic concen- 
tration) inhibited the cAMP-dependent phosphory- 
lation of a 38 kDa phosphoprotein. 



Acrolein induced a cell death pathway in human 
bronchial epithelial cells, which retain key features 
of apoptosis, as indicated by phosphatidylserine ex- 
ternalisation and DNA fragmentation (Nardini et 
al. 2002). Acrolein-induced apoptosis was associ- 
ated with depletion of cellular GSH and intracellu- 
lar generation of oxidants. Supplementation of cells 
with either a-tocopherol or ascorbic acid was found 
to strongly inhibit acrolein-induced apoptosis and 
to prevent the increase in the generation of intracel- 
lular oxidants, although GSH depletion was unaf- 
fected. Moreover, recovery of cellular GSH levels af- 
ter acrolein exposure was enhanced following ei- 
ther a-tocopherol or ascorbic acid supplementa- 
tion. 

In rats exposed to tobacco smoke for 4 hours per 
day for two weeks, 5 days each week, and for 6 
weeks, 4 days each week, respectively, the cytoplas- 
mic ground substance of the ciliated cells was in- 
creased from 46 per cent, to about 60 per cent, of 
the cell area and contributed most of the cell hyper- 
trophy seen in both groups (Jeffery and Reid 
1981). There was no evidence of cell oedema. The 
nucleus maintained its normal size and, conse- 
quently, the proportion of the cell occupied by the 
nucleus fell from 34 per cent, to 25 per cent. There 
was little change in the proportion of the cell occu- 
pied by organelles (normally 10-15 per cent.) but 
the mitochondria were hypertrophied, being obvi- 
ously increased in length but not in width. Mito- 
chondria in ciliated cells of controls had a mean 
maximum length of 0.75 fm i; in those animals ex- 
posed to smoke alone this was increased to 1.6 ,um 
(P <0.01) and in those exposed to smoke with an 
anti-inflammatory drug, phenylmethyloxadiazole, 
to the tobacco to 1.2 fjm (P <0.05). The maximum 
length found was 3 um, this in an animal exposed 
to smoke alone. Some branching of mitochondria 
was normal, but this was more often found in the 
ciliated cells of the animals exposed to tobacco 
smoke without phenylmethyloxadiazole. Microvilli 
were different from the normal in both groups: they 
were significantly increased in length (P <0.01) but 
not in width. Cilia were normal for size, structure 
and concentration. 

Exposure to cigarette smoke increased the per- 
meability of human bronchial epithelial cells from 
biopsy material obtained from never-smokers who 
had normal pulmonary function, smokers with 
normal pulmonary function, and smokers with 
chronic obstructive pulmonary disease, but the 
most marked effect was observed in the latter group 
(Rusznak et al. 2000). Compared with exposure to 
air, exposure to cigarette smoke led to a signifi- 
cantly increased release of IL-1(3 and soluble intra- 
cellular adhesion molecule- 1 (sICAM-1) from cul- 
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tures of the never-smoker group (mean 250.0 % in- 
crease in ILL- 1 (3 and mean 175.3% increase in sl- 
CAM -1 24 h after exposure) and chronic obstruc- 
tive pulmonary disease group (mean 383.3 % in- 
crease in IL- 1 (3 and mean 97.4% increase in 
sIC AM- 1 24 h after exposure). In contrast, cigarette 
smoke exposure did not influence significantly the 
release of either mediator from the cells of smokers 
with normal pulmonary function. Levels of intra- 
cellular reduced glutathione (GSH) were signifi- 
cantly higher in cultures of bronchial epithelial cells 
derived from smokers, both those with normal pul- 
monary function and those with chronic obstruc- 
tive pulmonary disease, compared with cultures 
from healthy never-smokers. Exposure to cigarette 
smoke significantly decreased the concentration of 
intracellular GSH in all cultures. However, the fall in 
intracellular GSH was significantly greater in cells 
from patients with chronic obstructive pulmonary 
disease (mean 72.9 % decrease) than in cells from 
never-smokers (mean 61.4% decrease; P <0.048) 
or smokers with normal pulmonary function 
(mean 43.9% decrease; P <0.02). 

Scanning electron microscopy of the regio olfac- 
toria of rats exposed to cigarette smoke for 10 min 
three times a day during three months showed le- 
sions of the cilia, the microvilli and the sensory 
cells (Ortug 2002). 

Exposure of human respiratory tract epithelial 
cell (HBE1) cultures to nitrite (1 mM) at pH 7.4, for 
up to 5 h resulted in a significant increase in levels 
of hypoxanthine and xanthine over the first 2 h fol- 
lowed by a slow decrease in levels from 3 to 5 h 
(Spencer et al. 2000). The increase of these prod- 
ucts was time dependent with levels of xanthine 
peaking at ~3.8 nmol/mg DNA over baseline levels 
after a period of 2 h. In contrast, levels of the oxida- 
tively modified base products measured did not 
change significantly at any time point. Analysis of 
DNA strand breakage by alkaline unwinding- 
fluorescence detection showed that there was a sig- 
nificant amount of strand breakage in cells exposed 
to 1 mM nitrite for 60 min or grater at pH 6.0 and 
pH 7.4. 

Gossypol acetic acid (10“ 4 M) at 60 min induced 
extensive swelling of explanted adult rabbit tracheal 
ciliary cell mitochondria (Duckett et al. 1986). 
Cristae were greatly altered and mitochondrial ma- 
trix appeared to be almost entirely washed out. In 
many cases the mitochondria were distorted, with 
no evidence of their original filamentous nature re- 
maining. The cytoplasm appeared to contain in- 
creased levels of endoplasmic reticulum and the 
number of Golgi bodies also seemed to be in- 



creased. However, cellular membranes were intact 
and no significant change in ciliary or microvillar 
structure was evident. Cellular junctions also ap- 
peared to be normal. 



CHO OH OH CHO 




In the Syrian golden hamster, 10 instillations (3 
times per week) of 5 mg haematite particles (93 % 
by weight < 5 jim in diameter) suspended in 0.9 % 
NaCl solution brought about a loss of ciliated cells 
and broad areas of abnormal, enlarged nonciliated 
cells with roughened or wrinkled surfaces (Port et 
al. 1973). The tracheobronchial epithelium returned 
to normal 7 weeks after completion of the treat- 
ment. 




Fig. 85. Bronchiolar ciliated epithelial cell showing mem- 
brane bound vesicles between the axonema and the ciliary 
membrane. Lung of a female rat (No. 4 breeder: Winkelmann, 
Borchen-Kirchborchen) which had inhaled 10 mg powdered 
Grangesberg magnetite/m3 4 h per day, 5 days per week from 
August 24 to October 19, 1967 for a total of 40 days. Fixed on 
January 15, 1968 under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in a 2:8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Film 
33131 
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Fig. 86. Bronchiole (block 498) from a female Wistar rat 
(No. 182/103 E) medicated for 5 months with daily oral 
applications of 100 mg N-benzhydryl-hT-p-hydroxybenzyl- 
piperazine HC1 per kg body weight x day. Under pentobarbi- 
tal anaesthesia (30 mg/kg), the animal was perfused from 
the abdominal aorta with 2.5 % glutaraldehyde in 0.1 M 
sodium cacodylate buffer (pH 7.4). Postfixation with 1 % 
osmium tetroxide in sodium cacodylate buffer. Embedded 
in Epon 812 and sectioned at 50 nm. Lead citrate and uranyl 
acetate. Plate 30338 



Fig. 87. Bronchiolar cilia showing membrane bound vesicles 
in the outer zone alongside the axonema. Lung (block S2) of 
a female white rat (breeder: Winkelmann, Borchen- 
Kirchborchen) which had inhaled 20 mg quartz-free clayey 
shale dust/m 3 (particles < 5 ,um in size origin: Erda seam, 
Fiirst Leopold-Baldur mine at Harvest Dorsten) in Polley’s 
(1963, 1965) dust channel 4 h per day, 5 days per week. 
Fixed under methitural anaesthesia by intratracheal instilla- 
tion of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) 
before opening the thorax. Postfixation with 1 % osmium 
tetroxide in phosphate buffer. Contrasted en bloc for 12 h 
with 0,5 % uranyl acetate in 70 % ethanol. Embedded in 
Epon 812. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 3593 
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7.3.2 

Serous Cells 




Fig. 88. Dilatation of the rough endoplasmic reticulum in the 
non-ciliated cells of the trachea (block 467) from a male rat 
(No.6/104 E) which inhaled 71.5 mg trimethylol melamine 
(Madurit) dust/1 for a total of 32 h 30 min on 4 consecutive 
days. Fixed under pentobarbital anaesthesia (30 mg/kg) by 
intratracheal instillation of 2.5% glutaraldehyde in 0.1 M so- 
dium cacodylate buffer. Postfixation with 1 % osmium tetrox- 
ide in sodium cacodylate buffer. Embedded in Epon 812 and 
sectioned at 50 nm. Lead citrate and uranyl acetate. Plate 
4052 



7.3.3 

Clara Cells 

The presence of cytochrome P 450 monooxygen- 
ases within Clara cells has been correlated with 
their susceptibility to metabolically activated pul- 
monary cytotoxicants. Species-specific differences 
in susceptibility to cytotoxicants exist between 
Clara cells located in the trachea and bronchi and 
those in distal bronchioles (Plopper et al. 1992). 

Analogy for hepatocyte and Clara cell is given by: 

1. Both cell types are situated at the entrance of for- 
eign materials into the body, the liver for the 
substances transported from the intestine via the 
portal vein, and the Clara cell for xenobiotics in- 
haled. 



2. Both are able to transform xenobiotics by the cy- 
tochrome P 450 -type enzyme system induced in 

the endoplasmic reticulum. 

While liver microsomes from male rats metabolise 
xenobiotics fast than liver microsomes from female 
rats, enzyme preparations from rat lung (benzphe- 
tamine demethylase, p-chloro-N-methylaniline de- 
methylase, benzpyrene hydroxylase, UDP- 
glucuronyltransferase) and gut did not show sex 
differences in metabolism of several drug substrates 
(Chhabra and Fouts 1974). 

Liver and lung NADPH-cytochrome P-450 reduc- 
tases (EC 1.6. 2.4) of well bled male Akkaraman 
sheep appear to have a similar kinetic and spectral 
properties (Iscan and Arin£ 1988). Both reduc- 
tases supported aniline 4-hydroxylation and ethyl- 
morphine N-demethylation reactions to the same 
extent in the constituted systems. However, sheep 
lung reductase appeared only 36.5 and 14.8 % as ef- 
fective in catalysing benzo [a] pyrene reaction as an 
equivalent amount of reductase from liver in the 
presence of liver cytochrome P-450 and 3MC- 
treated rat liver cytochrome P-448, respectively. 

In the presence of daunorubicin (200 pM) the 
NADPH-cytochrome P-450 reductase in mouse lung 
microsomes was approximately 60% of the liver 
microsomal activity (Mimnough et al. 1983). 

Ozone (1.010.1 ppm) transiently increased IL-6 
mRNA showing peak levels at 4 h of ozone exposure 
in both wild-type and Clara cell secretory protein 
-/- mice (Mango et al. 1998). Differential metallo- 
thionein and IL-6 mRNA expression demonstrated 
increased ozone-induced oxidative stress associated 
with Clara cell secretory protein deficiency. 

Cobalt aerosols inhaled by rats at a concentra- 
tion of 2.1210.55 mg/m 3 for 5 h per day on 4 con- 
secutive days induced Clara cell hypertrophy with 
abundant rough endoplasmic reticulum and elec- 
tron lucent glycogen granules which were normally 
absent in adult rats (Kyono et al. 1992). At 8 days 
after exposure, the long strands of rough endoplas- 
mic reticulum had disappeared. 

Methylene chloride is biotransformed in the mi- 
crosomal cytochrome P450 mixed function oxidase 
pathway to carbon monoxide (Kubic and Anders 

1975, 1978) and carbon dioxide (Gargas et al. 
1986). The cytosolic glutathione S-transferase path- 
way leads to the formation of formaldehyde and 
subsequently carbon dioxide (Ahmed and Anders 

1976, 1978). The rate of the methylene chloride me- 
tabolism by the glutathione S-transferase pathway 
is significantly greater in the mouse than in the rat 
(Green 1989). In vitro observations have con- 
firmed this finding, with the cytosolic glutathione 
S-transferase activity in mouse liver and lung an 
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Table 22. Clara cells: toxicity 



o 3 


Anorganic compounds 

Stephens et al. (1974), Evans et al. (1976), Bassett et al. (1988), Mango et al. 
(1997) 


no 2 

CdCl 2 

Cadmium acetate 
Co (20 nm particles) 
210 Po 


Evans et al. (1976), Foster et al. (1985), Gordon et al. (1986) 

Henderson et al. (1979), Fortoul et al. (1983), Martin and Witschi (1985) 
Lig et al. (2002) 

Kyono et al. (1992) 

Kennedy et al. (1977) 


CH 2 C1 2 

CCL, 

1 , 1 -Dichloroethylene 
Trichloroethylene 
Hexachlorocyclopentadiene 
Chlorobenzene 


Chlorinated hydrocarbons 

Foster et al. (1992) 

Longo et al. (1978), Boyd et al. (1980) 

Gram et al. (1983), Krijgsheld et al. (1984), Forkert et al. (1985) 
Forkert et al. (1985), Forkert and Troughton (1987), Odum et al. (1992) 
Rand et al. (1982) 

Brittebo and Brandt (1984) 


Bromotrichloromethane 

Bromobenzene 


Brominated hydrocarbons 

Lungarella et al. (1987) 

Forkert (1985), Casini et al. (1986), Becher et al. (1989) 


Naphthalene 


Polycyclic aromatic hydrocarbons 

Mahvi et al. (1977), Tong et al. (1981), Warren et al. (1982), Gram et al. 
(1983), Buckpitt et al. (1986), Kanekal et al. (1990), Chichester et al. (1994), 
Fanucchi et al. (1997), Van Winkle et al. (1999), West et al. (2000) 


2- Methylnaphthalane 
4-Nitroquinoline- 1 -oxide 

3- Methylindole 


Buckpitt et al. (1986) 

Terao and Otsu (1973), Ito (1985) 

Huang et al. (1977), Turk et al. (1984), Becker et al. (1985), Nichols et al. 
(1989), Thornton-Manning et al. (1993) 


Spermidine 


Endogenous polyamines 

Foster et al. (1990) 


N-Diethylnitrosamine 

N-Dibutylnitrosamine 

N-Nitrosomorpholine 

Nitrosoheptamethylenimine 

N-Ethyl-N-nitrosourea 

2,2’-Dihydroxy-di-fi-propylnitrosamine 

4-(Methylnitrosamino)-l-(3-pyridyl)-l- 

butanone 


Nitrosamines 

Reznik-Schuller (1976) 

Reznik-Schuller (1976) 

Reznik-Schuller (1977, 1978) 

Reznik-Schuller and Lijinsky (1979), Reznik-Schuller and Hague jr. (1980) 
Sato and Kauffman (1980) 

Rao and Reddy (1980) 

Belinsky et al. (1988, 1990, 1991), Alaoui-Jamali et al. (1990) 

Furan derivatives 


2- Methylfuran 

3- Methylfuran 

3- Hydroxymethylfuran-n-ethylcarbamate 

4- Ipomeanol (l-[3-furyl]-4- 
hydroxypentanone; NSC-349438) 


Franklin and Boyd (1978) 

Boyd et al. (1978) 

Cottrell et al. (1984) 

Boyd (1977, 1980), Doster et al. (1983), Durham et al. (1985), Newton et al. 
(1985), Christian et al. (1989), Li and Castleman (1990) 


Diesel-exhaust 


Diesel exhaust 

Rabovsky et al. (1984) 


0,0,S-Trimethyl-phosphorthiolate 

0,0,S-Trimethyl-phosphordithiolate 


Organic phosphates 

Imamura et al. (1983), Gandy et al. (1984, 1987), Durham et al. (1988) 
Dinsdale et al. (1984), Konno et al. (1984) 


Methylcyclopentadienyl-manganese- 

tricarboxyl 

Piperonyl-butoxide pre-treatment 
+ MnC 6 H7(CO) 3 


Organic metallocarbonyl compounds 

Hakkinen and Haschek (1982), Haschek et al. (1982) 

Haschek et al. (1982) 

Phenobarbital 


Phenobarbital 


Dees et al. (1980) 


Paraquat 


Pyridinium compounds 

Etherton and Gresham (1979), Masek and Richards (1990) 
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order of magnitude greater than that detected in 
the same organs of the rat and hamster (Green 
1989, Reitz et al. 1989). In the lung the capacity for 
methylene chloride metabolism decreased in the 
order mouse, hamster, rat (Reitz et al. 1989). In 
mouse Clara cells methylene chloride inhalation 
(4000 ppm, 6h/d, 5 d/ week for 13 weeks) caused 
decreases in the levels of microsomal enzymes as 
assessed by the measurement of ethoxycoumarin 0- 
dealkylation (Foster et al. 1992). At the end of each 
5-days exposure period large decreases in this en- 
zyme activity could be detected (79 % at day 5, 83 % 
at day 40, and 40% at day 89). This response was 
progressive up to day 89, after which evidence of re- 
covery could be detected. These effects followed the 
pattern of events established from nitro blue tetra- 
zolium staining of cultured Clara cells in that after 
nonexposure periods varying degrees of recovery 
were detected (days 8, 43, and 92). The measure- 
ment of aldrin epoxidation in Clara cells from 
toxicated animals followed a similar trend, al- 
though those microsomal enzyme activities re- 
flected by ethoxycoumarin O-dealkylation levels 
appeared more sensitive to methylene chloride. 
Again the trend towards recovery by the end of the 
study was illustrated by the activities of these en- 
zymes. 

Carbon tetrachloride is suggested to be metabo- 
lised by the P 450 system to give the trichloromethyl 
radical, a carbon centred radical: 



CCI 4 



e~ 

Cytochrome P450 



■ccia+ci 



[116] 



ESR and high-performance liquid chromatography 
experiments with electrochemical detection for 
analysis of the major redox form of the a-phenyl-N- 
ferf-butylnitrone (PBN)~CC1 3 adduct of the liver ex- 
tract of rats pre-treated with 4-methylpyrazole (for 
induction of cytochrome P450 2E1) given CC1 4 in- 
traperitoneally revealed that the in vivo spin trap- 
ping of ‘CC1 3 with PBN leads to a preferential for- 
mation of the ESR silent PBN“CC1 3 hydroxylamine 
(Stoyanovsky and Cederbaum 1999). 

The trichloromethyl radical might combine di- 
rectly with biological molecules, causing covalent 
modification, as well as abstracting hydrogen from 
membrane lipids, setting off the chain reaction of 
lipid peroxidation. The most rapid reaction is with 
molecular oxygen to form the trichloromethylper- 
oxy radical: 

•CCI 3 + 0 2 »■ CCI3O2 [117] 



CC1 3 0 2 " reacts much more rapidly with arachidonic 
acid (k = 6x 10 6 at pH 7), promethazine, ascorbate, 



thiol compounds, and the tyrosine and tryptophan 
residues of proteins than does the trichloromethyl 
radical (Halliwell and Gutteridge 1989). For- 
mation of the trichloromethylperoxy radical could 
explain why small amounts of phosgene gas 
(COCl 2 ) arise by the reactions below: 

CCI 3 Oi+ lipid-H — ► CCI 3 0 2 H + lipid- [118] 



CCI 3 0 2 H — »-COCI 2 + HOCI [119] 

Mice exposed to the choking agent gas phosgene 
(8 ppm for 20 min) showed scattered degeneration 
and necrosis of the terminal airway epithelium, 
characterized by individual cell necrosis and partial 
denudation of the bronchiolar and terminal bron- 
chiolar epithelial layers (Duniho et al. 2002). 

1,1-Dichloroethylene in mice is metabolised by 
CYP2E1 to its epoxide in a dose-dependent manner 
(Forkert 1999). Epoxide levels were reduced by 
pre-treatment with diallyl sulfone, an inhibitor of 
this P 450 isozyme. 1,1-Dichloroethylene epoxide is 
formed in vivo, is localised in Clara cells, and corre- 
lates with the cytotoxicity manifested in this cell 
type. 

Halogenated aromatic hydrocarbons are metab- 
olised by cytochromes P450 resulting in the forma- 
tion of an electrophilic intermediate, most com- 
monly depicted as an epoxide, which covalently in- 
teracts with tissue macromolecules. The spontane- 
ous isomerization of epoxides to phenols, the con- 
version of epoxides to dihydrodiols as catalysed by 
epoxide hydrolases, and the conjugation of epox- 
ides with glutathione, either enzymatically via the 
glutathione S-transferase (EC 2.5.1.18), are alterna- 
tive pathways that compete with the reaction of ep- 
oxides with tissue macromolecules (Daly et al. 
1972, Jerina and Daly 1974). As such, these path- 
ways are detoxifying. However, secondary P450- 
catalysed oxidations of phenols to hydroquinones, 
followed by their enzymatic and/or uncatalysed ox- 
idation to benzoquinones, represents an additional 
possibility for bioactivation of benzene derivatives, 
as quinones may elicit oxidative stress through re- 
dox cycling and may also act as electrophiles and 
arylate macromolecules (Rossi et al. 1986, Powis et 
al. 1987, Gant et al. 1988, Van Ommen et al. 1988, 
Den Besten et al. 1991). 

Naphthalene dissolved in corn oil and adminis- 
tered intraperitoneally to young C57BL/6J mice se- 
lectively damaged Clara cells (Mahvi et al. 1977). 
At 2 and 3 h after treatment of male, viral antibody- 
free Swiss Webster mice with 200 mg naphthalene/ 
kg, when most Clara cells had early signs of injury, 
few ethidium homodimer- 1 permeable cells were 
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detected (Van Winkle et al. 1999). Many Clara cells 
had apical membrane blebs that contained abun- 
dant, swollen, smooth endoplasmic reticulum and 
few other organelles. By 6 h after treatment many 
Clara cells were membrane-permeable. 

The toxic effects of naphthalene are mediated by 
the cytocchrome P450 monooxygenase Cyp2F2 
which catalyses the conversion of naphthalene to 
(lR,2S)-naphthalene oxide, the principle metabolite 
responsible for Clara cell injury. In order to deter- 
mine whether mice made tolerant by sublethal 
naphthalene injection decreased expression of the 
Cyp2F2 gene, Royce et al. (1996) isolated RNA from 
minor daughter airways and from liver and meas- 
ured mRNA for Cyp2F2 and Clara cell secretory 
protein relative to 18SrNRA by Northern blot and 
computer digitised photodensitometry. Mice were 
intraperitoneally injected with 200 mg naphthalene 
per kg body weight x 7 days. Cyp2F2 mRNA expres- 
sion was significantly decreased at one day (0 vs. 
2.1, P <0.003), but did not differ from controls at 
later times. CCSP mRNA was significantly less than 
control at 1 (0.17 vs. 4.4, P <0.0001) and 3 (1.1 vs. 
3.6, P <0.003) days. These observations suggested 
that while initial injury by sublethal doses of naph- 
thalene resulted in decreased expression of Clara 
cell-specific genes, recovery occurred rapidly. By 
day three, mRNA levels were the same as control 
values even though previous studies showed that 
production of 1R,2S naphthalene oxide remains de- 
pressed for at least one week following naphthalene 
exposure. This suggests that transcription control 
of Cyp2F2 activity is not likely a major point of reg- 
ulation for the tolerance that develops after re- 
peated doses of naphthalene. In explants of distal 
airways of adult mice treated with naphthalene, 
Clara cells exhibited the characteristic cytotoxic re- 
sponses: cell swelling, formation of cytoplasmic 
vacuoles, and exfoliation of injured cells into the 
airway lumen 1-2 days post treatment with naph- 
thalene (Van Winkle et al. 1996). 




Cytochrome P450 monooxygenase Cyp2F2 catalyses the 
conversion of naphthalene to (1 R,2S)-naphthalene oxide [ 120] 

Wild-type P450 cam and all Y96 mutants catalysed the 
oxidation of naphthalene to give a mixture of 1- 
naphthol and 2-naphthol, as confirmed by co- 
elution with authentic samples by gas chromatogra- 
phy (England et al. 1998). There was no evidence 
of further oxidation of the naphthols to catechols or 
other compounds. 



While bronchiolar epithelium in normal C57BL/ 
6 mice contains cells that express high levels Clara 
cell 10 kDa secretory protein and CYP2F, and ex- 
hibit the characteristic pattern of naphthalene in- 
jury and repair, Clara cell 10 kDa secretory protein 
and CYP2F expression was less abundant in trans- 
genic C57BL/g y6 T cell “knock-out” mice (Van 
Winkle et al. 1997). In “knock-out” mice 1 to 
2 days post injury, injury was not uniform within 
the terminal bronchiole. Distal ends of the bronchi- 
ole contained Clara cell 10 kDa secretory protein 
positive epithelial cells and were not injured. 

Oxidative stress induced by chronic administra- 
tion of naphthalene (110 mg/kg rat x day p.o. in 
corn oil up to 120 days) resulting in tissue damag- 
ing effects as maximum increases in hepatic and 
brain lipid peroxidation and DNA fragmentation 
was reported by Bagchi et al. (1998). 

No significant difference in murine glutathione 
S-transferase (EC 2.5.1.18) a class subunit 3 content 
of lung homogenates was observed between male 
Swiss Webster mice made naphthalene-tolerant by 
daily intraperitoneal application of 200 mg naph- 
thalene per kg body weight dissolved in corn oil 
and control (corn oil only) mice (Mitchell et al. 
2000). 

The indole moiety is present in many substances 
of biological occurrence. Its biotransformation, in 
most cases, involves an oxidative pathway. In the 
horseradish peroxidase/H 2 0 2 system 2-methylin- 
dole and 2,5-dimethylindole showed a two to three 
orders of magnitude higher chemiluminescence 
than indole itself (Ximenes et al. 2001). Electronic 
effects do not seem to be important since neither 
electron-releasing groups nor electron-withdrawing 
groups produced effects. On the other hand, 3- 
methylindole presented low emission. 

Indole derivatives autoxidize in the presence of 
transition metals presumable to nitrogen-centred 
radicals. 3-Methylindole and serotonin for a sub- 
strate in the H 2 0 2 -peroxidase reaction system incu- 
bated with 200 fjM GSH took up 48.2 ± 5.6 fiM and 
63.1 ±7.1 /rM oxygen, respectively (O’Brien 1988). 
The one-electron oxidation potential of indole de- 
rivatives is not known, but indoles slowly reduce 
cytochrome c, which suggests that the potential is 
less than that for cytochrome c (Perez-Reyes and 
Mason 1981). Gillam et al. (2000) reported the de- 
finitive identification of the pigments indigo and 
indirubin as products of human cytochrome P450- 
catabolized of indole by visible, 'H NMR and mass 
spectrometry. CYP2A6 from Escherichia coli mem- 
branes was most active in the formation of these 
two pigments, followed by CYP2C19 and 2E1. In- 
doxyl (3-hydroxyindole) was observed as a tran- 
sient product of CYP2A6-mediated metabolism; 
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isatin, 6-hydroxyindole, and dioxindole accumu- 
lated at low levels. Oxindole was the prominent 
product formed by CYPs 2A6, 2E1, and 2C19 and 
was not transformed further. A stable end prod- 
uct was assigned the structure 6H- 
oxazolo[3,2a:4,5b’]diindole by UV, 'H NMR, and 
mass spectrometry. 




H H H 

3-Methylindole 2,3-epoxy-3-methylindole 3-methyloxindole 

[ 121 ] 



3-Methylindole is species-selective pneumotoxic. 
Ruminants are highly susceptible to 3-methylindole; 
an intravenous dose of 30-40 mg/kg to a goat is 
usually fatal (Carlson and Breeze 1983). The 
pathways of bio activation of 3-methylindole to elec- 
trophilic reactive intermediates have been partially 
elucidated by Yost (1989). Using vaccinia-expressed 
P450 enzymes, the metabolites of [ 14 C] -3-methyl- 
indole produced by 14 individual P450s were identi- 
fied and quantified by high performance liquid 
chromatography (Thornton-Manning et al. 
1996). Indole-3-carbinol was produced from incu- 
bations of 3-methylindole with only four enzymes. 
Although 3-methyloxindole was a product of sev- 
eral P450 enzymes, human CYP1A2 was most effi- 
cient in producing this metabolite. The toxic inter- 
mediate of 3-methylindole is believed to be a reac- 
tive methylene imine, 3-methyleneindolenine. 
Thornton-Manning et al. (1996) detected this in- 
termediate as its mercapturate adduct, when N- 
acetylcysteine was added to the incubations. 3- 
Methyleneindolenine was produced by CYP2A6 at a 
rate of 50.9 ±8.9 pmol/mg protein xh and by 
CYP2F1 at a rate of 205.7 ±12.5 pmol/mg prote- 
in xh. The mouse la-2 and rabbit 4B1 enzymes pro- 
duced the reactive intermediate in amounts that ex- 
ceeded that of the human 2F1 enzyme by 1.4-fold 
and 1.9-fold, respectively. The toxicity of 3- 
methylindole is believed to be due to covalent bind- 
ing of a P450 generated intermediate to critical pul- 
monary proteins. 

It is likely that the 2,3-epoxide of 3-methylindole 
is a precursor of 3-methyloxindole and that the ep- 
oxide may bind to DNA (Thornton-Manning et 
al. 1996). 

The factors that determine the partitioning be- 
tween pathways of desaturation and hydroxylation 
or epoxidation are most likely controlled by the 
protein environment and not by differences in the 
reactivity of the porphyrin-[FeO] 3+ species (Jones 
et al. 1990). 



The addition of N-acetylcysteine to incubation of 
3-methylindole with rabbit Clara cells and macro- 
phages resulted in markedly decreased amounts of 
3-methyloxindole formed, as compared to incuba- 
tions that did not include N-acetylcysteine 
(Thornton-Manning et al. 1993). 

Involvement of prostaglandin H synthase in the 
metabolism of 3-methylindole has been demon- 
strated in in vitro systems containing either ram 
seminal vesicle microsomes or goat lung micro- 
somes. Ram seminal vesicle microsomes, which 
lack NADPH-dependent mixed function oxidase ac- 
tivity, were used as a rich source of prostaglandin H 
synthase complex (Formosa et al. 1988). Incuba- 
tion with 3-methylindole resulted in an increase of 
prostaglandin H synthase activity as indicated by 
an increase rate of oxygen consumption. This effect 
was arachidonic acid-dependent and was inhibited 
by the cyclooxygenase inhibitor indomethacin. Ad- 
dition of 3-methylindole resulted in a concentration- 
dependent increase in prostaglandin H synthase- 
catalysed prostaglandin biosynthesis. Electron spin 
studies demonstrated the presence of a 3-methyl- 
indole free radical generated from the metabolism 
of 3-methylindole by horseradish peroxidase, a 
model system for prostaglandin H synthase hydro- 
peroxidase. Testing goat lung, Formosa and Bray 
(1988) after adding 3-methylindole found a pro- 
nounced increase in prostaglandin H synthase ac- 
tivity as indicated by both the initial rate and the 
total oxygen consumption. Incubation of various 
indolic compounds with goat lung microsomes 
showed that only 3-methylindole was able to gener- 
ate a free radical in the NADP-dependent micro- 
somal system, as tested by spin trapping (Kubow et 
al. 1983). Radical formation in the microsomal in- 
cubation of 3-methylindole depended on all three 
components of the system since omission of 
NADPH, or 3-methylindole, or thermal inactivation 
of the microsomes in a steam bath for 20 min, pre- 
vented the appearance of the nitrogen free radical 
signal. The splitting constants were the same as 
those seen with potassium superoxide (K0 2 ) incu- 
bations with 3-methylindole. Acton et al. (1991) 
showed that acetyl salicylic acid (two doses of 
150 mg/kg body weight per dose) was protective 
against 3-methylindole (100 mg/kg body weighti- 
induced lung disease when giver before, but not af- 
ter 3-methylindole dosing. 

4-Ipomeanol is activated in many species by pul- 
monary cytochrome P-450 mixed function oxidase 
enzymes to a high reactive metabolite that binds 
covalently to cellular macromolecules to induce 
pulmonary toxicity (Boyd et al. 1978, Boyd 1980, 
Boyd and Dutcher 1981, Statham and Boyd 
1982, Jones et al. 1983). There are species and sex 
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variations in target organ alkylation that account 
for hepatic toxicity in hamsters and birds (Buck- 
pitt and Boyd 1978) and for renal toxicity in male 
mice (Boyd and Dutcher 1981). Experimental 
studies on pulmonary toxicity in rodents (Doster 
et al. 1983), lagomorphs, dogs, and calves (Li and 
Castleman 1990) indicate that the toxin induces 
necrosis of the Clara cells and pulmonary oedema. 

CO-(CH 2 ) 2 -CH-CH 3 

Q ° H 

4-lpomeanol (NSC-349438) [122] 

Richards et al. (1990) examined 26 pneumotoxic 
agents (concentrations ranging from 10' 7 M to 
10' 3 M) for their ability to reduce the attachment ef- 
ficiency of functionally competent mouse Clara cells 
isolated by the technique of Oreffo et al. (1990) 
and calculated TD 50 values (the amount of toxin re- 
quired to reduce normal attachment efficiency by 
50 %). With the possible exception of some halo- 
genated hydrocarbons, the simple toxicity test in 
vitro correlated well with the known effects of the 
bronchiolar necrotic agents in vivo. For 13 com- 
pounds studied there was a direct correlation be- 
tween TD 50 values in vitro and LD 50 values (mostly 
oral) in rodents in vivo, the correlation coefficient 
of the regression line being 0.783. 

Pulmonary microsomal preparations were much 
more active than hepatic preparations in mediating 
the formation of reactive electrophilic products 
from 4-ipomeanol (Wolf et al. 1982). Both of the 
rabbit pulmonary cytochrome P-450 isozymes, P- 
450 , and P-450 n , were active in the metabolism of 4- 
ipomeanol. In the assay for covalent binding to pro- 
tein, P-450| was slightly more active than P-450 n at 
high substrate concentrations and significantly 
more active at low substrate concentrations. 

Coumarin (a's-o-coumarinic acid lactone, 1,2- 
benzopyrone) oral dosages >150 mg/kg caused se- 
lective injury to Clara cells in the distal bronchiolar 
epithelium of the B6C3F1 mouse (Born et al. 1998). 
At 12 h after a single dose of 200 mg/kg, Clara cell 
swelling was apparent along with the onset of ne- 
crosis and bronchiolar epithelial disorganisation. At 
24-48 h, necrotic Clara cells were observed 
sloughed into the lumina of the terminal bronchi- 
oles, with concomitant thinning of the epithelium 
and flattening of the remaining ciliated cells. By 
72-96 h, there was epithelial hypertrophy and hy- 
perplasia, and by 7 days after dosing, the Clara cells 
had regenerated and the bronchiolar epithelial ar- 
chitecture appeared nearly normal. 3,4-Dihydro- 
coumarin, which is not a mouse carcinogen, did not 



cause Clara cell injury when dosed to mice at 
800 mg/kg. This finding suggested, because 3,4- 
dihydro coumarin lacks a 3,4-double bond, that bio- 
activation of coumarin to a 3,4-epoxide intermedi- 
ate may contribute to mouse lung Clara cell toxicity. 

Coumarin is metabolised by Cyp2A6 (Yamano 
et al. 1990). Urinary 7-hydroxycoumarin has been 
the basis for measuring in vivo expression of 
Cyp2A6 (Cholerton et al. 1992). 

Transition metal organometallic compounds 
such as manganese, chromium, and iron carbonyls 
by the intraperitoneal route, and nickel by inhala- 
tion (mice) or intravenously (rats), induced selec- 
tive necrosis of the Clara cells (Haschek et al. 
1982). The pulmonary toxicity of methylcyclopenta- 
dienyl manganese tricarbonyl, representative of this 
group of compounds, was enhanced by pre- 
treatment with piperonyl butoxide, an inhibitor of 
the mixed-function oxidase system. 

O^^^XH 2 -CH 2 -CH 3 

o6f 

0 ^^CH 2 0(CH 2 ) 2 0(CH 2 ) 2 0(CH 2 ) 2 0(CH 2 ) 3 CH 3 

Piperonyl butoxide [41] 

Halatek et al. (2000) found that the decrease in se- 
rum Clara cell protein of shipyard welders chroni- 
cally exposed to manganese contained in welding 
fumes correlated negative with welding fume levels, 
expressed by ambient air Mn concentration (r 2 = 
0.47). Moreover, reduced synthesis and/or removal 
of Clara cell protein by the Clara cells negatively 
correlated with Mn level in blood (r 2 = 0.52). On the 
other hand, in heavily exposed welding fume work- 
ers (> 1 mg Mn/m 3 ), increased serum Clara cell 
protein levels were observed, which correlated posi- 
tively with Mn air levels (r 2 = 0.85) and Mn concen- 
trations in urine (r 2 = 0.38). 

Lipopolysaccharide (10 pg in 0.2 ml saline) in- 
troduced into the trachea of the Wistar rat within 8 
to 12 h in the Clara cells induced well-developed 
smooth and rough endoplasmic reticula and many 
free ribosomes (Ooi et al. 1994). Many Clara cells 
showed a large apocrine-like protrusion filled with 
an amorphous substance. At 24 h, Clara cells took a 
stratified arrangement, suggesting enhanced prolif- 
eration of progenitor cells and their differentiation 
into Clara cells. 

7.3.4 

Goblet Cells 

Lipopolysaccharide, a major constituent of the cell 
walls of gram-negative bacteria, and thus present in 
a wide variety of occupational and general environ- 
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mental noxious agents, when inhaled by guinea pigs 
at about 5 mg Escherichia coli LPS/kg caused a 
time-dependent decrease in mucus score, with the 
maximal response being from 542 ±49 to 92 ±20 ar- 
bitrary units ( P <0.001) after 3 h, which was ac- 
companied by an increase in the number of neutro- 
phils in the tracheal mucosa (Tamaoki et al. 1997). 
The LPS-induced mucus discharge was inhibited by 
oral pre-treatment for 7 days with clarithromycin 
and erythromycin in a dose-dependent manner 
(5 mg and 10 mg/kg x day), whereas amoxicillin 
and cefaclor had no effect. Each dose of clarithro- 
mycin and erythromycin, but not of amoxicillin or 
cefaclor, likewise attenuated the LPS-induced re- 
cruitment of neutrophils. The results suggested that 
LPS stimulates goblet cell secretion (demonstrated 
with alcian blue and periodic acid-Schiff) and neu- 
trophil accumulation in the airways and that mac- 
rolides may be of value in protecting against 
neutrophil-associated hypersecretion. 

Shimizu et al. (1996) produced hypertrophic 
and metaplastic changes of goblet cells in rat nasal 
respiratory epithelium by intranasal instillation of 
endotoxin. The number of goblet cells increased 
and that of nongranulated secretory cells decreased 
time-dependently after endotoxin instillations. Mi- 
totic rates examined after a 6-h colchicine meta- 
phase blockade were very low at any time point 
studied, and cell division did not play a major role 
in this process. 

Residual oil fly ash induced cytotoxicity and mu- 
cin secretion by guinea pig tracheal epithelial cells 
via an oxidant-mediated mechanism (Jiang et al. 
2000). Of the soluble transition metals contained 
therein (Ni, Fe, V), only V individually, or combina- 
tions of the metals containing V, provoked secre- 
tion. It was suggested that residual oil fly ash en- 
hanced mucin secretion and generated toxicity in 
vitro to airway epithelium via a mechanism(s) in- 
volving generation of oxidant stress, perhaps re- 
lated to the depletion of cellular antioxidant capac- 
ity. Deleterious effects of inhalation of residual oil 
fly ash in the respiratory tract in vivo may relate to 
these cellular responses. Vanadium, a component of 
residual oil fly ash, may be important in generating 
these reactions. 

7.3.5 

Brush Cells 

7.3.6 

Neuroendocrine (APUD) Cells 

Although immunohistochemical staining has been 
invaluable in defining the abundance of neuroendo- 
crine cells in experimental and disease conditions, 



quantitative comparison among animals of various 
ages or experimental groups has been limited in a 
study by Joad et al. (1995), significant differences 
in neuroendocrine cell number per length of airway 
basal lamina were noted with long-term exposure 
to environmental tobacco smoke. However, loca- 
lised changes in neuroepithelial body frequency 
could not be determined. Avadhanam et al. (1997) 
fixed rat lungs by intratracheal instillation of etha- 
nol/glacial acetic acid (99 : 1) at 30 cm pressure for 1 
hour. After microdissection of the infracardiac lobe 
and placing the microdissected airways in 70 % eth- 
anol a polyclonal antibody against calcitonin gene- 
related peptide as a specific neuroendocrine 
marker was used to identify and quantify neuroen- 
docrine bodies. Whole-mount airway preparations 
allow for the analysis and comparison of larger 
sample sizes per experimental group without labor- 
intensive approaches. 

In intact rabbits, airway hypoxia evoked exocyto- 
sis of serotonin-containing granules from the basal 
cytoplasm (Lauweryns et al. 1977, 1978). In cell 
cultures from foetal rabbit lungs Cutz et al. (1993) 
found that the effects of hypoxia could be stimu- 
lated by Ca 2+ ionophore A-23187. Youngson et al. 
(1993) have identified an oxygen-binding protein 
on the endocrine cell surface membrane and dem- 
onstrated the existence of an associated oxygen- 
sensitive K + channel. Exposure of foetal rat lung or- 
gan cultures to HC0 3 “ suggested that pulmonary 
endocrine cells may respond to hypercapnia by re- 
leasing bioactive peptides like calcitonin gene- 
related peptide, thus stimulating afferent nerves 
and altering patterns of ventilation and perfusion 
(Ebina et al. 1997). 

After naphthalene (300 mg/kg i.p.) treatment of 
mice and epithelial repair, neuroepithelial bodies 
were significantly increased along the walls of the 
airways as well as on branch point ridges (Peake et 
al. 2000). Reynolds et al. (2000) provided the fol- 
lowing evidence that the neuroepithelial body mi- 
croenvironment serves as a source of airway pro- 
genitor cells that contribute for focal regeneration 
of the airway epithelium: 

• nascent Clara cells and neuroepithelial bodies lo- 
calise to the same spatial domain; 

• within neuroepithelial body, both Clara cell se- 
cretory protein- and calcitonin gene-related 
peptide-immunopositive cells are proliferative; 

• neuroepithelial body microenvironment of both 
steady-state and repairing lung includes cells that 
are dually immunopositive for Clara cell secre- 
tory protein and calcitonin gene-related peptide, 
which were previously identified only within the 
embryonic lung; 
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Table 23. Pulmonary APUD cell proliferation induced by toxicants 



Toxicant Species Author(s) 



N-Diethylnitrosamine 


Hamster 

Rat 

Rabbit 


N-Dibutylnitrosamine 


Hamster 


N-Nitrosomorpholine 


Hamster 


Asbestos (UICC Chrysotile B) 


Rat 


Asbestos (Chrysotile, Crocidolite) 


Rat 


Asbestos (UICC Crocidolite) 


Rat 


Urban ambient air (Yokohama) 


Rat 


Ozone 


Rat 



Reznik-Schuller (1976), Linnoila et al. (1984) 
Kleinerman et al. (1981) 

Huntrakoon et al. (1989), Hung et al. (1991) 
Reznik-Schuller (1977) 

Reznik-Schuller (1977) 

Johnson and Wagner (1980) 

Johnson et al. (1980) 

Johnson (1987) 

Ito et al. (1989) 

Ito et al. (1994) 



• neuroepithelial bodies harbour variant Clara 
cells deficient in cytochrome P 450 3F2-immuno- 
reactive protein. 

Groups of 40-50 neurone specific enolase immuno- 
reactive cells, forming microtumours, were seen in 
the epithelium of larger airways of rats exposed to 
asbestos fibres up to 3 years (Cole et al. 1982). 

Pulmonary neuroendocrine cell ‘hyperplasia’ 
may result after carcinogen treatment in hamsters 
given supranormal oxygen (Sunday et al. 1994). 

To Wilson et al. (1992) it seems unlikely, that the 
products of pulmonary endocrine cells play any 
role in the pathogenesis of or response to asbestos- 
induced pulmonary fibrogenesis in man. 

CD 10/neutral endopeptidase inhibition aug- 
mented pulmonary neuroendocrine cell hyperpla- 
sia in hamsters treated with diethylnitrosamine and 
hyperoxia (Willett et al. 1999). 

7.4 

Dust Clearance 

The mucociliary clearance mechanism is generally 
recognised as a defence against infectious agents 
and a means to remove inhaled particulate matter. 
Inhaled particles reach different locations in the 
lung depending on their size. Above 5 Jim, the con- 
ducting airways filter dusts, where ciliated and mu- 
cous cells cooperate and waft the particles upwards. 

Balashazy and Hofmann (1995) explored the 
effects of asymmetry in airway diameter, branching 
angle, and flow division on both inspiratory and ex- 
piratory particle deposition patterns for various 
particle sizes and flow rates. 

Besides the intensity and duration of the expo- 
sure, the period of life at the beginning of the dusty 
job may be important in the susceptibility of a per- 
son (Worth and Muysers 1967). At high levels of 
exertion children had a greater percentage of total 
deposition in the tracheobronchial region than do 
adults for equivatent levels of activity (Schum et al. 
1994). Deposition rate depends on the deposition 



per breath as well as on tidal volume and breathing 
frequency (Schiller-Scotland et al. 1994). For 
inhalation risk assessments, the number of parti- 
cles deposited per unit time (deposition rate), 
rather than the deposition per breath, has to be 
taken (Schiller-Scotland et al. 1996). Total de- 
position of particles was generally increased in pa- 
tients suffering from obstructive pulmonary disease 
as compared with healthy subjects (Schiller- 
Scotland 1997). With increasing particle size de- 
position rose, while the differences between the two 
collectives decreased. 

Whereas much is known about clearance of par- 
ticles from the airways, less is known about the in- 
teraction between the surface of the particles and 
the cellular substrate of the clearing mechanism. 

The surface of airway epithelium is covered by 
airway surface liquid, the physical properties of 
which are determined by active ions and water 
transport. Baconnais et al. (1997) developed a 
technique to study the elemental composition of 
Na, Mg, P, S, Cl, K and Ca of native airway surface 
liquid collected in germ-free mice. 

Incubation with TNF-a (100 ng/ml for 18 h) po- 
tentiated the increases in short-circuit current re- 
sponses (as an index of chloride secretion) to cyclic 
adenosine monophosphate- and Ca 2+ -dependent 
agonists in human bronchial epithelial cells cul- 
tured in Ussing chambers (Bunce and Matthews 
1997). 

Manipulating cyclic guanosine monophosphate 
levels by sodium nitroprusside (10' 4 M), atrial na- 
triuretic peptide (10 -7 M), brain natriuretic peptide 
(10“ 7 M), and C-type natriuretic peptide (10' 7 M) all 
had no effect on short-circuit current measure- 
ments when added both the serosal and mucosal 
surfaces of ovine tracheal epithelia mounted in 
modified Ussing chambers (Range et al. 1997). 
10' 4 M 3-Isobutyl-l-methylxanthine (a non-specific 
phosphodiesterase inhibitor) when added to the 
mucosal surface resulted in a mean reduction in 
short-circuit current of 4.3 jtA cm" 2 (8.9 % of base- 
line). 
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5 min after instillation of charcoal particles or 
bovine liquid extract surfactant, the extracellular 
airway lining layer in the trachea of horses showed 
a considerably larger amount of unstrctured mate- 
rial pushing the osmiophilic film away from the ci- 
lia by about one time their length (Gerber et al. 
1997). 

Ciliary beat frequency is upregulated by ’NO (Li 
et al. 2000). L-Arginine dose- and time dependently 
increased ciliary beat frequency of rat tracheal epi- 
thelial cell explants incubated in Dulbecco’s modi- 
fied Eagle’s medium, and so did NO donors [1- 
hydroxy-2-oxo-3-(N-ethyl-2-aminoethyl)-3-ethyl-l- 
triazene and S-nitroso-L-glutathione], 8-Br-cGMP, 
and Zaprinast. Inhibitors of NOS, soluble guanylate 
cyclase, and cGMP-dependent protein kinase G can 
block the stimulant effect of L-arginine on ciliary 
beat frequency. 

In vivo mucus transport rates were studied in 
humans and donkeys by external measurement of 
the rate of clearance of insoluble monodisperse y- 
tagged " m Tc and/or 198 Au aerosols (Lippmann et al. 
1977). The influence of temperature, environmental 
toxicants and drugs which affect the autonomic 
nervous system were studies by determining the 
changes in clearance produced by them in individ- 
ual subjects. In donkeys, increased pre-test ambient 
temperature accelerates clearance by >1.7%/°C. 
Smoking 2-7 cigarettes reduced the duration of 
bronchial clearance by ~ 50 % in both humans and 
donkeys. In man, atropine slowed clearance, while 
the adrenergic stimulating drugs, isoprenaline and 
epinephrine, both accelerated it by > 4 times, as did 
isoprenaline when given subsequent to atropine. 
The cholinergic stimulating drug methacholine in- 
creased mucociliary transport in the donkey. Ad- 
ministration of a tap water aerosol for 10-15 min in 
humans increased bronchial clearance rates by 
-25%. 

Wheel-running exercise for 60 days did not alter 
either the rate of clearance of instilled magnetite 
(0.2 mg in 0.15 ml saline) from hamster lungs or 
macrophage organelle motility (Sweeney et al. 
1994). 

For the human respiratory tract, the Interna- 
tional Commission on Radiological Protection 
(ICRP) presented a revised compartment model for 
the time-dependent particle transport from each 
region (Bair 1994). This model is based on the pre- 
mise that the large differences in radiation sensitiv- 
ity of respiratory tract tissues, and the wide range 
of dose they receive, argue for calculating specific 
tissue doses rather than average lung doses for radi- 
ation protection purposes. The model describes 
three clearance pathways. Material deposited in the 
anterior nasal passages of the extrathoracic region, 



ET^ is removed by extrinsic processes, such as nose 
blowing. For the other regions, clearance of inhaled 
material is competitive between particle transport 
processes (such as macrophage uptake and ciliary 
action) to the gastro-intestinal tract and to lymph 
nodes and absorption into blood. 

In short-time experiments both in vitro and in 
vivo, Antweiler (1956) examined the transport 
velocity of soot, coal, quartz, Aerosil and alumin- 
ium particles along the tracheal epithelium. Mucus 
secretion was more stimulated by hygroscopic dust 
as quartz and Aerosil than by hydrophobe coal 
dust. Sublethal doses of atropine decreased trans- 
port velocity to 20 % of the standard of 12 mm/min. 
Iravani and Van As (1972) found pulmonary clear- 
ance of inhaled charcoal particles to be more rapid 
in mature and bronchitic animals than in normal 
younger SPF rats. In the rabbit, H 2 S0 4 , N0 2 and 0 3 
qualitatively and quantitatively influenced the 
clearance of 85 Sr-labelled 3 «m polystyrene latex 
microspheres, delivered via an endotracheal tube 
(Schlesinger et al. 1988). Ozone was considered 
to be about 10-20 x as toxic as N0 2 . Huang (1997) 
exposed human tracheal epithelial cells to two 
coals, one of Utah with high buffering capacity and 
low acid soluble Fe 2+ , the other from Pennsylvania 
with low buffering capacity and high acid soluble 
Fe 2+ . The cells treated with the coal of Pennsylvania 
(10 mg/cm 2 ) showed a 36% increase in oxidant for- 
mation over control. For the same exposure condi- 
tions, the coal from Utah mine had no effect. 

Through activation of both capsaicin-pH sensi- 
tive irritant receptors, particulate matter as residual 
oil fly ash immediately (<30 s) increased intracel- 
lular calcium levels ([Ca 2+ ],)in a human bronchial 
epithelial cell line (BEAS-2B) and, within 2 h expo- 
sure, key inflammatory cytokine transcripts (i.e., 
IF-6, IF-8, TNF-a) and subsequent release of IF-6 
and IF-8 cytokine protein after 4 h exposure (Vero- 
nesi et al. 1999). 

In the rat, ozone consistently delayed short-term 
(0-50 h post-deposition) clearance and accelerated 
long-term (50-400 h post-deposition) clearance 
(Phalen et al. 1994). 

Mucus transport of 99m Tc labelled human albu- 
min minimicrospheres (mean aerodynamic diame- 
ter 0.75 pm) in chronic bronchitis patients treated 
with cistinexine dihydrochloride for two weeks was 
significantly promoted in those patients who 
showed a greater impairment of transport rate 
before treatment (Santolicandro et al. 1995). 
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Table 24. Bronchial epithelium: damage 


by dust inhalation 


Dust 


Species 


Author(s) 


Quartz 


Rabbit 

Rat 


Gross (1927), Gersing (1956) 

Gersing (1956), Klosterkotter (1957), Dhom and Sauer (1967) 


Bituminous Coal Mine 


Dog 


Schiller (1957, 1961) 


Chromite 


Rat 


Schiller (1958) 


Tantalum oxide 


Rat 


Nemetschek-Gansler et al. (1975) 


Schneeberg Ore Mine 


Mouse 


Dohnert (1938) 


Asbestos 


Mouse 


Nordmann and Sorge (1941) 


Melamine-Formaldehyde Resine 


Rat 


Schiller (1978) 


Cotton 


Rat 


Gordon and Harkema (1995) 



7.4.1 

Aluminium 

In rats and guinea pigs, inhaled aluminium (0.25, 
2.5, and 25 mg aluminium chlorhydrate/m 3 , respec- 
tively, for periods up to 24 months) was retained in 
pulmonary tissue and in the peribronchial lymph 
nodes but it was largely excluded from other tissues 
(Steinhagen et al. 1978, Stone et al. 1979). This is 
further suggested by the fact that lung aluminium 
concentration is greater than that of other tissues, it 
increases with age, unlike the aluminium levels of 




Fig. 89. Type 3 Clara cell (left) from a bronchiole from a fe- 
male white rat (No. 4; breeder Winkelmann, Borchen- 
Kirchborchen) which inhaled 10 mg powdered aluminium/m 3 
4 h per day, 5 days per week from August 16 to October 27, 
1967 for a total of 51 days. Fixed on January 15, 1968 under 
methitural anaesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc for 12 h with 0.5 % 
uranyl acetate in 70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Film 206/84 



other tissues, and pulmonary aluminium levels do 
not correlate with aluminium levels of other tissues 
(Alfrey 1980, Alfrey et al. 1980). 

The permeability of rat olfactory epithelium for 
aluminium (20.60 ± 1.96 /rg Al/m 3 ) after nose-only 
exposure to aluminium chlorohydrate dispersed by 
a venturi powder disperser for 6 hours/day for 
12 days was studied using microbeam particle- 
induced X-ray emission (Divine et al. 1999). The 
results suggested a direct transport of Al to the ol- 
factory bulb. 

Little is known about the temporal pattern of 
pulmonary clearance of aluminium compounds 
from the lungs with repeated exposure or the po- 
tential subsequent translocation to other organs 
(Schlesinger et al. 2000). 

Urinary excretion of aluminium among welders 
indicated that aluminium is retained and stored in 
at least two functional compartments of the body 
and is eliminated from these compartments at dif- 
ferent rates (Sjoberg et al. 1988). 

No bronchial hyperreactivity was found in male 
aluminium potroom workers (Larsson et al. 1989). 

Rats that inhaled aluminium dust for 25 h over a 
period of five days and were killed on the following 
day showed dust cells entering the bronchioles 
(Schiller 1957, 1961). In the rabbit insufflation of 
powdered aluminium induced hyperaemia of the 
bronchial mucosa with an emigration of polymor- 
phonuclear leucocytes invading the aluminium dust 
deposits, and a desquamation of large areas of the 
epithelium (De Marchi 1947). 
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7.4.2 

Clayey Shale 

Fig. 90. Oedema in a Clara cell of a bronchi- 
ole (block S2) from a female rat (breeder: 
Winkelmann, Borchen-Kirchborchen) which 
had inhaled 20 mg quartz-free clayey shale 
dust/m 3 (particles less than 5 /<m in size; 
origin: Erda seam, Fiirst Leopold-Baldur 
mine at Harvest-Dorsten) in Polley’s (1963, 
1965) dust channel 4 h per day, 5 days per 
week. Fixed under methitural anaesthesia by 
intratracheal instillation of 2.5 % glutaralde- 
hyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % 
osmium tetroxide in phosphate puffer 
(pH 7.4). Contrasted en bloc for 12 h with 
0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in Epon 812. Sectioned at 50 nm. 
Lead citrate after Reynolds (1963). Plate 
3392 




Fig. 91. Prominent oedema in a Clara cell 
of a bronchiole (block S2) from a female 
rat (breeder: Winkelmann, Borchen- 
Kirchborchen) which had inhaled 20 mg 
quartz-free clayey shale dust/m 3 (particles 
less than 5 /rm in size; origin: Erda seam, 
Fiirst Leopold-Baldur mine at Harvest- 
Dorsten) in Polley’s (1963, 1965) dust 
channel 4 h per day, 5 days per week. Fixed 
under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in 
phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium 
tetroxide in phosphate puffer (pH 7.4). Con- 
trasted en bloc for 12 h with 0.5 % uranyl 
acetate in 70 % ethanol. Embedded in Epon 
812. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Plate 3591 




7.4.3 

Amosite 

In hamster tracheal epithelial cells exposed to amo- 
site asbestos for varying periods of time, labelling 
with rhodamine phalloidin showed a dose respon- 
sive progressive aggregation of actin filaments over 
time (Churg et al. 1997a). Gel electrophoresis dem- 
onstrated increased dose and time dependent in- 
creases in the amount of polymerised actin, and 
flow cytometry revealed an abnormal right angle 
scatter pattern which could be reduced by treat- 



ment with dithiotreitol or catalase. H 2 0 2 produced a 
generally similar pattern. 

Cigarette smoke pre-treatment of rat tracheal ex- 
plants increased binding of amosite particles to the 
epithelial surface (Churg et al. 1997b). Ozone (0.01 
to 1.0 ppm for 10 min) enhanced the uptake of 
UICC amosite in a dose-response fashion (Churg 
et al. 1996). 
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7.4.4 

Crocidolite 

Native crocidolite was capable of binding up to 
57 nmol Fe 2+ /mg fibre in 60 min, while desferriox- 
amine-B-incubated crocidolite was capable of bind- 
ing only 5.5 nmol Fe 2+ /mg fibre (Hardy and Aust 
1995). The rate of iron binding for the first 5 min of 
exposure was independent of the concentration of 
iron in the solution, suggesting that there was a 
group of rapidly saturable sites, ~ 1.5 x 10 18 binding 
sites/m 2 crocidolite surface, which was responsible 
for the immediate binding. Iron mobilization from 
crocidolite resulted in enhanced iron-catalyzed oxy- 
gen consumption and hydroxyl radical generation 
in the presence of cysteine (Lund and Aust 1991). 

BEAS 2 B cells, a human bronchial epithelial cell 
line, exposed to various concentrations of crocido- 
lite showed an increase of DNA strand breaks as fol- 
lows (% positive cells): after 2h exposure (2% at 
10' 8 g/cm 2 and 3 % at 5 x 10" 6 g/cm 2 ), after 24 h ex- 
posure (16% at 1 O' 8 g/cm 2 and 20% at 5xl0' 6 g/ 
cm 2 ) (Gillissen et al. 1996). In contrast, even at 
highest concentrations (24 h exposure) man-made 
mineral fibre basalt wool did not cause any increase 
of DNA strand breaks. Scanning electron micros- 
copy confirmed that both fibre types were in part 
incorporated into the cells. Manganese superoxide 
dismutase gene expression was induced by 2 fi g 
UICC crocidolite/cm 2 (Jaworska et al. 1997). 

Hamster tracheal epithelial cells exposed to 
5.0 /ig crocidolite asbestos/cm 2 showed increases in 
p65/50 and p50 protein complexes binding to the 
NFxB-binding consensus DNA sequence (Janssen 
et al. 1995, Mossman et al. 1997). When N- 
acetylcysteine, an agent boosting cellular glutathi- 
one levels, was added to cells for 18 h, both 
crocidolite-induced c-fos and c-jun mRNA levels 
and activator protein- 1 to DNA-binding activity 
were diminished, suggesting that oxidative stress 



was involved. How reactive oxygen species elabo- 
rated by asbestos may initiate these signalling path- 
ways is suggested in studies using rat pleural meso- 
thelial cells (Zanella et al. 1996). 

7.4.5 

Chrysotile 

In humans chrysotile (cleared in months) might 
have less effect in inducing cancer than the amphi- 
bole fibres (cleared in years). A detailed elaboration 
of this argument has been published by Berry 
(1999). 

SV-40-transformed human bronchial epithelial 
cells co-cultured (transwell system) with human 
blood monocytes and exposed to 100 ug chrysotile 
B per 10 6 cells showed deoxyribonucleic acid strand 
lesions induced by the reactive oxygen intermedi- 
ates released from the mononuclear phagocytes en- 
gulfing the fibres (Kienast et al. 2000). The addi- 
tion of 200 U catalase (EC 1.11.1.6) per ml or 
100 uM desferoxamine to the culture medium 
blocked almost completely the induction of DNA 
strand lesions in this system (maximum 85 %). 

7.4.6 

Quartz 

Inhalation of quartz dust (F. Gross 1927, Klos- 
terkotter 1957, Dhom and Sauer 1967) or mixed 
dusts containing quartz (Schiller 1958) just as a 
single intratracheal instillation of quartz (Schiller 
1961, 1963) induced epithelial lesions resulting in a 
disability to remove alveolar macrophages contain- 
ing dust and free particles impinged upon the air- 
way surface. 

Experiments to study the influence of electro- 
static charges of dust particles on their retention in 
rat lungs showed that electric charges do not influ- 
ence the retention of quartz dust particles in deep 




Fig. 92. Bronchiolar epithelium of a 167 g male Wistar rat 
(R 21/63) fed 82 mg retinol palmitate (Arovit)/kg body 
weight x day from February 18 to 22, 1963 by stomach tube. 
On the 3rd day of the experiment the animal was exposed to 
an atmosphere containing 15 mg quartz DQ 12 (particle size 
< 3 fjjn) per m 3 air for 5 h using Polley’s dust tunnel. Fixed 



in alcohol-chloroform-glacial acetic acid after Carnoy. Par- 
affin section, unstained, embedded in glycerol. Interference 
contrast FI 100x/1.36/°°/-. Quartz particles engulfed by an 
alveolar macrophage are visualised by both interference con- 
trast and polarisation 
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respiratory tract (Shevchenko 1971). The severity 
of the silicotic changes, however, depended upon 
the electric charge on the particles. Exposure to 
unipolar (positive) and bipolar charged quartz dust 
for 6 months was followed by more collagen in the 
lungs of rats in the second group; 47.36±1.6mg 
and 61.98 ±3.1 mg (P <0.01) respectively. A study 
of the functional state of dust phagocytes by vital 
staining showed that of the animals dusted with 
electro-charged dust, more dust phagocytes were in 
the state of partial necrosis. Alkaline phosphatase 
activity was suppressed in macrophages in rats that 
had inhaled charged dust. 

Influence of silica inhalation on the pulmonary 
clearance of Listeria monocytogenes. Pre-exposure 
of rats to silica (15 mg/m 3 ) for 59 days (6 h/day, 
5 days/week) caused substantial increases in the 
number of lavagable neutrophils and lactate dehy- 
drogenase activity compared with the air control, 
whereas silica inhalation for both 21 and 59 days 
significantly enhanced the pulmonary clearance of 
Listeria monocytogenes compared with air controls 
(Antonini et al. 2000). 

Influence of pneumoconstriction on dust depo- 
sition. Bronchoconstriction in man can be caused 
by exposure to cigarette smoke as shown by Loomis 
(1956), Nadel and Comroe (1961), and Guyatt et 
al. (1970), or by exposure to inert dusts as shown by 
Dautrebande et al. (1948), and Dubois and 
Dautrebande (1958). The mechanisms involved 
have been discussed by Nadel et al. (1965), Nadel 
(1968) and Dubois (1969). Bronchoconstriction, by 
reducing the cross section for flow in the conduc- 
tive airways, results in increased air velocities and 
turbulence. Increased velocity can result in greatly 
increased deposition by impaction at the airway bi- 
furcations, while increased turbulence can account 
for an increase in deposition by eddy diffusion 
(Lehmann 1938, Worth and Schiller 1951). 

7.4.7 

Coal Dust 

While Haldane (1918) thought coal dust that was 
not inhaled in excessive quantities would not do 
any harm and possible even some good as to help 
the lungs in eliminating other kinds of harmful par- 
ticles, such as tubercle bacilli, there is now growing 
evidence that any dust is harmful. 



In both the Rhondda (South Wales) and in Leigh 
(Lancashire) the miners without pneumoconiosis 
had rather more ‘chronic bronchitis’ and rather 
lower mean maximum breathing capacity than 
those with simple pneumoconiosis (Higgins 1960). 
Higgins found a somewhat higher prevalence of re- 
spiratory symptoms in those men who had worked 
for 10 years and longer, and has confirmed the 
downward trend in the maximum breathing capac- 
ity with increasing dust dosage that was first dem- 
onstrated in Czech miners by Kadlec and Vysko- 
cil (1950). Rogan et al. (1973) reported a signifi- 
cant decrease in FEVi with increasing dust expo- 
sure in all the age/smoking habit subgroups. There 
was a loss of 150 ml at a cumulative dust exposure 
of 240 gram hour/m 3 . Marine and Gurr (1988) 
found between 90 and 100 ml FEV) decrements for 
every 100 gram hour/m 3 exposure to coal mine dust 
in smokers and non-smokers. Attfield and Hod- 
ous (1992) confirmed the exposure-response rela- 
tionship between various pulmonary function pa- 
rameters and estimated cumulative dust exposure 
in a large cohort of U.S. coal miners. 

In animal experiments the inhalation of soot in- 
creased mucus formation (Knauff 1867, Gross 
1927). In rabbits and mongrel dogs kept under- 
ground in a bituminous coal mine (about 50 mg 
coal dust/m 3 ) nearly continuously for up to 6 years, 
Schiller (1958) found a hypertrophy of the bron- 
chial epithelium with a prevalence of goblet cells af- 
ter 3 years exposure, but an atrophy at 6 years expo- 
sure. In the bronchioles, Clara cells showed an in- 
crease in apocrine secretion. 

In the female Wistar rat, intratracheal instillation 
of coal dusts of different rank suspended in saline 
induced a significant Clara cell hyperplasia as com- 
pared with Ti0 2 dust ( P <0.05) or pure saline ( P 
<0.03) (Albrecht et al. 2000). Proliferation and 
hyperplasia by coal dust were independent of the 
quartz content of the dust samples. 
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7.4.8 

Magnetite 




Fig. 93. Cross section of a bronchiolar cilium showing a 
membrane bound vesicle between the axonema and the cili- 
ary membrane. Lung of a female rat (No.4; breeder: Winkel- 
mann, Borchen-Kirchborchen) which had inhaled 10 mg 
powdered Grangesberg magnetite/m 3 4 per day, 5 days per 
from August 24 to October 19, 1967 for a total of 40 days. 
Fixed on January 15, 1968 under methitural anaesthesia by 
intratracheal instillation of 2.5 % glutaraldehyde in phosphate 
buffer (pH 7.4) before opening the thorax. Postfixation with 
1 % osmium tetroxide in phosphate puffer (pH 7.4). Con- 
trasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % eth- 
anol. Embedded in a 2 : 8 mixture of methyl and butyl meth- 
acrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Film 33130 



7.4.9 

Manganese Dioxide 

Within 15 min of contact with Mn0 2 dust (80% 
< 1 Jim) suspended in 0.1ml normal saline the 
bronchial epithelial cells discharge their mucus, and 
their supranuclear cytoplasm shrinks and in some 
cases appears to be shed (Lloyd Davies and 
Harding 1949). 

7.4.10 

Tantalum Oxide 

Up to the 46th day after termination of tantalum 
oxide (Ta 2 0 5 ) dust inhalation (150 mg/m 3 ) for 
10 days (10 h/d), the bronchial and bronchiolar cili- 
ated epithelia of inbred male Sprague-Dawley rats 
showed defects of various sizes (Nemetsckek- 
Gansler et al. 1975). 



7.4.11 

Titanium Dioxide 

By electron microscopy, Churg et al. (1998) found 
Ti0 2 particles in the epithelial cells of rat tracheal 
explants cultured in Dulbecco’s modified Eagle’s 
medium. The volume proportion of both fine 
(120 nm) and ultrafine (21 nm) particles in the epi- 
thelium increased from 3 to 7 days; it was greater 
for ultrafine particles at 3 days but was greater for 
fine particles at 7 days. Ultrafine particles appeared 
to enter the epithelium faster, and once in the epi- 
thelium, a greater proportion of them was translo- 
cated to the subepithelial space compared with fine 
particles. However, if it was assumed that the vol- 
ume proportion was representative of particle num- 
ber, the number of particles reaching the interstitial 
space was directly proportional to the number ap- 
plied, i.e., overall, there was no preferential trans- 
port from lumen to interstitium by size. 

7.4.12 

Vanadium 

Vanadium compounds induce oxidative stress in 
normal human bronchial epithelial cells. Both nu- 
clear translocation of nuclear factor-xB and en- 
hanced xB-dependent transcription induce by V lv 
were inhibited by overexpression of catalase, but 
not Cu,Zn superoxide dismutase, indicating that 
peroxides rather than superoxides initiated signal- 
ling (Jaspers et al. 2000). Catalase selectively 
blocked the response to V iv because it inhibited nei- 
ther NF-xB translocation nor xB-dependent tran- 
scription evoked by the proinflammatory cytokine 
tumour necrosis factor-a. The V lv -induced xB- 
dependent transcription was dependent upon acti- 
vation of the p38 mitogen-activated protein kinase 
because overexpression of dominant-negative mu- 
tants of the p38 MAPK pathway inhibited V lv - 
induced xB-dependent transcription. The inhibi- 
tion was not due to suppression of NF-xB nuclear 
translocation because NF-xB DNA binding was un- 
affected by the inhibition of p38 activity. Overex- 
pression of catalase, but not Cu,Zn superoxide dis- 
mutase, inhibited p38 activation, indicating that 
peroxides activated p38. Catalase failed to block 
V lv -induced increases in phosphotyrosine levels, 
suggesting that the catalase-sensitive signalling 
components were independent of V lv -induced tyro- 
sine phosphorylation. 

Heparin-binding epidermal growth factor-like 
growth factor mRNA expression and protein were 
seven-fold increased in human bronchial epithelial 
cell cultures exposed to V 2 0 5 (Zhang et al. 2001) 
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7.4.13 

Cotton Dust 



7.4.15 

Trimethylolmelamine (Madurit) 



In rats exposed to 15 mg cotton dust/m 3 for 2 h/d 
for 3 d, the major histologic alteration in the lungs 
was mucous cell metaplasia with increased amounts 
of intraepithelial mucosubstances in the surface ep- 
ithelium lining large- diameter main axial airways 
(Gordon and Harkema 1995). 

Gossypol (C 30 H 30 O 8 ) promoted the formation of 
oxygen radicals when incubated with rat liver mi- 
crosomes (De Peyster et al. 1984) and induced sis- 
ter chromatid exchanges and chromosome damage 
in bone marrow cells in mice (Nayak and Buttar 
1986). 



CHO OH OH CHO 




As a contribution to the byssinotic effects of cotton 
seed Duckett and Kennedy (1983) exposed rabbit 
tracheal explants to gossypol and found a dose de- 
pendent (10" 5 M, 5 x10' 4 M, 10' 4 M) inhibition of 
ciliary function. Mitochondria appeared swollen 
and cristae were disrupted. 



Trimethylolmelamine by condensation with formal- 
dehyde forms a synthetic, which is dried by spray- 
ing and put on the market in a micronized form. 
After inhalation of the merchandise (73.6 mg/1) for 
various periods (see Table 9) rats showed a marked 
dilatation of the rough endoplasmic reticulum of 
the serous cells in the tracheo -bronchial epithelium 
(Schiller 1978; Fig. 88). 
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Release of formaldehyde from trimethylolmelamine [123] 



The major pathways of metabolism of inhaled form- 
aldehyde are oxidation to formate and incorpora- 
tion into biological macromolecules via tetra- 
hydrofolate-dependent one-carbon biosynthetic 
pathways (Huennekens and Osborne 1959, Koi- 
vusalo et al. 1982). The most important pathway 
for oxidation appears to be that catalysed by formal- 
dehyde dehydrogenase (EC 1.2.1. 1), an enzyme that 
requires both glutathione and NAD + as cofactors. 
Uotila and Koivusalo (1974) showed that the 
true substrate is the hemithioacetal adduct of form- 
aldehyde and glutathione and the product formed is 
the thiol ester of formic acid, S-formylglutathione. 



7.4.14 

Diesel Exhaust 



arginine > A/“-hydroxy-L-arginine > homo-L-arginine > homo- 
N“- hy d roxy-L-a rg i n i n e, 



Diesel exhaust particles forming agglomerates of 
about 0.1 -0.5 /urn are composed of a carbon core 
that adsorbs trace amounts of heavy metals and a 
great number of organic compounds that could rep- 
resent up to 40 % of the particle (Westerholm et 
al. 1991). 

Human bronchial epithelial cell subclone 
16HBE14o cultured on collagen type I showed an 
increase in granulocyte-macrophage colony stimu- 
lating factor (GM-CSF) mRNA levels after exposure 
to diesel exhaust particles (Boland et al. 2000). 
Radical Scavengers inhibited the diesel exhaust 
particle-induced GM-CSF release, showing involve- 
ment of reactive oxygen species in this response. 
Genistein, a tyrosine kinase inhibitor, abrogated the 
effects of diesel exhaust particles on GM-CSF re- 
lease, whereas protein kinase C, cyclooxygenase, or 
lipoxygenase inhibitors had no effect. Cytochala- 
sin D, which inhibits the phagocytosis of diesel ex- 
haust particles, reduced the increase in GM-CSF re- 
lease after diesel exhaust particle treatment. 



7.5 

Submucosal Glands 

The submucosal glands are the other primary site 
of mucin production in the lung. They are present 
in the cartilaginous airways and are composed of 
an interconnecting network of tubules and ducts 
that secrete a proteinaceous fluid into the airways. 
Two predominant types of tubules in submucosal 
glands are composed of either serous or mucous ac- 
inar and ductular cell types (Meyrick and Reid 
1970). In sheep, serous cells contain two types of 
discrete membrane-bound granules (Mariassy et 
al. 1984). One type is large, ovoid and either bi- 
phasic with a homogenous core and fine granular 
rim, or homogenous without a rim. The other is a 
slender rod-shaped granule with a dense matrix 
and is found only in the cell apex. The predominant 
mucous cell of the glands is M4, containing biphasic 
granules, with a wide, low-density rim surrounding 
a dark eccentric homogenous core. 
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Serous cells secrete a number of bactericidal pro- 
teins such as lysozyme (EC 3.2.1.17) (Bals 1997) 
and lactoferrin (Bowes et al. 1981), whereas mu- 
cous cells primarily secrete mucin (Strous and 
Dekker 1992). Serous cells express high levels of 
cystic fibrosis transmembrane conductance regula- 
tor (CFTR) protein, which in part serves to secrete 
fluid and electrolytes important in glandular secre- 
tion and hydration of mucins (Engelhardt et al. 
1993). Sharma et al. (1998) used in situ hybridisa- 
tion and immunocytochemical methods to deter- 
mine the cellular distribution of MUC5B and MUC7 
expression in cystic fibrosis and non-cystic fibrosis 
human bronchus to demonstrate that MUC5B ex- 
pression is limited exclusively to submucosal 
glands. Specifically, MUC5B expression was con- 
fined to all mucous tubules, whereas MUC7 expres- 
sion was seen in a subset of lysozyme expressing se- 
rous tubules of submucosal glands. 

Neutrophil elastase is a strong secretagogue of 
the airway submucosal gland (Sommerhoff et al. 
1990), and suppressing the pulmonary recruitment 
of neutrophils by reducing the production of neu- 
trophil chemotactic factors such as IL-8 could ex- 
pectedly result in a decrement of excessive airway 



secretion (Fahy et al. 1992, Sakito et al. 1996). This 
neutrophil-associated hypersecretion appears to be 
also involved in goblet cell mucus discharge in- 
duced by the inhalation of Escherichia coli lipopoly- 
saccharide, which was inhibited by macrolides in 
guinea pig in vivo (Sasaki and Gallacher 1990). 
The suppressive effect of erythromycin on respira- 
tory mucus secretion was noticed more directly in 
an in vitro preparation of human airways (Gos- 
wami et al. 1990) in which erythromycin reduced 
both spontaneous (baseline) and stimulated (by ei- 
ther histamine or cholinergic agonist) respiratory 
glycoconjugate secretion from airways in culture. In 
airway glands from feline tracheae therapeutic con- 
centrations of erythromycin or clarithromycin at- 
tenuated the whole cell currents evoked by acetyl- 
choline (Irokawa et al. 1999). 

Duan et al. (1998) studied a newborn ferret tra- 
cheal model to probe the contribution of tracheal 
submucosal gland stem cells to repopulating the 
surface mucosa. They used this model since it 
shows a very similar anatomy of submucosal gland 
distribution to that in humans. Mice have no sub- 
mucosal glands in the lower cartilaginous airways. 



CHAPTER 8 



Pneumocytes 



Alveolar epithelium consists of three types of cells. 
Roughly 98 % of the alveolar surface is covered by 
squamous (type I) epithelial cells, from which thin 
sheets of cytoplasm extend to cover large areas of 
surface of even several alveoli (Haies et al. 1981). 
Type II epithelial cells, though more numerous but 
compact, occupy only 2 % of the alveolar surface. 
Type III cells, also called alveolar brush cells, are 
rare. 

Induction of alveolar epithelial cell phenotypes 
via mesenchymal signalling regulates pneumocyte 
differentiation not only during lung development 
(Hogan and Yingling 1998, Warburton et al. 
1999), but also during the response to a myriad of 
injuries inciting fibrogenesis (McCormack 1998). 
Direct communication between epithelial and mes- 
enchymal cells is achieved via intercellular contacts 
between type II pneumocytes and fibroblasts. 
Type II cells may inhibit fibroblast growth by this 
direct interaction, and fibroblast proliferation may 
occur when epithelial injury interferes with cellular 
contact (Adamson et al. 1990). Terasaki et al. 
(2000) reported that mesenchymal cell expression 
of epimorphin, a key regulator of lung epithelial cell 
morphogenesis (Hirai et al. 1992), coincides with 



the process of re-epithelialization during the re- 
sponse to bleomycin-induced injury. Epimorphin is 
a member of a gene family, localised to human 
chromosome 7 (Zha et al. 1996), and also encodes 
cytoplasmic trafficking proteins known as synthax- 
ins (Hirai et al. 1992). 

8.1 

Type I Pneumocytes 

8.1.1 

Ultrastructure 

Caveolae, omega-shaped invaginations of the plas- 
malemma possessing a cytoplasmic membrane pro- 
tein coat of caveolin are present in the in vivo alveo- 
lar epithelial type I lung cells, but absent in its pro- 
genitor, the type II alveolar epithelial cells. As 
freshly isolated rat type II cells acquire a type I-like 
phenotype in primary culture caveolin- 1 expression 
increases, with caveolin- 1 signal at 192 h postseed- 
ing up to 50-folds greater than at 60 h (Campbell 
et al. 1999). Caveolae were morphologically evident 
only after 132 h. 




Fig. 94. Air-blood interface: pneumocyte I, basement mem- 
brane, and capillary endothelium. Lung of an unmedicated 
female rat (breeder Winkelmann, Borchen-Kirchborchen). 
Fixed under methitural anaesthesia by intratracheal instilla- 
tion of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) 



before opening the thorax. Postfixation with 1 % osmium te- 
troxide in phosphate puffer (pH 7.4). Contrasted en bloc for 
12 h with 0.5% uranyl acetate in 70% ethanol. Embedded in 
a 2 : 8 mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 13/06 
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Fig. 95. Perikaryon of a type I alveolar epithelial cell from an 
unmedicated female rat (breeder: Winkelmann, Borchen- 
Kirchborchen). Fixed under methitural anaesthesia by intra- 
tracheal instillation of 2.5 % glutaraldehyde in phosphate 
buffer (pH 7.4) before opening the thorax. Postfixation with 
1 % osmium tetroxide in phosphate buffer (pH 7.4). Con- 
trasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % eth- 
anol. Embedded in a 2 : 8 mixture of methyl and butyl meth- 
acrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 13/07 



In the rat, the monoclonal antibody MEP-1 
stained all cells lining the alveolar space, except the 
type II pneumocytes (Kasper et al. 1996). Double 
fluorescence staining employing type I cell-specific 
lectin BPA (Kasper et al. 1994) revealed the type I 
cell specificity. Immunoelectron microscopy con- 
firmed this selective reaction of the MEP-1 anti- 
body. The polyclonal anti pan-cathedrin antibody 
selectively decorated type I pneumocytes, alveolar 
macrophages and endothelial cells of large blood 
vessels. Caveolin is a selective marker of type I 
pneumocytes (Kasper and Reimann 1997). 

8.1.3 

Pharmacology 

After subcutaneous injection of 150 mg pilocarpine 
per kg rat, type I alveolar cells showed no detect- 
able changes at any stage of the experiment (Gold- 
enberg et al. 1969). 

8.1.4 

Toxicology 

8.1. 4.1 
Aluminium 

s. Fig. 96. 

8.1. 4.2 
Ammonia 



8.1.2 

Histochemistry 

A limited number of type I cell markers have been 
identified (Dobbs et al. 1988, 1999, Brody and 
Williams 1992, Danto et al. 1992, Christensen 
et al. 1993, Vanderbilt and Dobbs 1998). Dobbs 
et al. (1988) described rat type I cell 40 kDa- 
protein, a glycoprotein defined by a monoclonal an- 
tibody raised against partially purified type I cells. 
In the lung it was localised to the apical plasma 
membrane of type I pneumocytes. The correspond- 
ing gene spans 35 kilobase pairs; it contains 6 exons 
and at least 6 rat Identifier repetitive elements 
(Vanderbilt and Dobbs 1998). 

HTI 56 , a 56-kDa protein, is unique to the human 
lung (Dobbs et al. 1999). By immunoelectron mi- 
croscopy, it is localised to the type I cell apical 
plasma membrane. The pi of HTI 56 is 2. 5-3. 5. HTI 56 
is glycosylated and has the biochemical characteris- 
tics of an integral membrane protein. HTI 56 is de- 
tectable by week 20 of gestation and its expression 
increases in foetal lung explant culture. 



The lungs of two individuals dying acutely of NH 3 
inhalation showed marked swelling and inhibi- 
tional oedema of the type I alveolar epithelial cells 
(Burns et al. 1983). 

8.1. 4.3 
Asbestos 

Two days after intratracheal instillation, electron 
microscopy demonstrated acute injury to some 
type I epithelial cells of the mouse, and although 
most crocidolite fibres were cleared as free particles 
or were phagocytozed, some small fibres were ob- 
served in the type I epithelium (Bowden and Ad- 
amson 1985). 

After intratracheal instillation of chrysotile as- 
bestos hamster alveolar epithelial cells, can trans- 
form into large phagocytic cells which ingest asbes- 
tos fibres and produce asbestos bodies (Suzuki et 
al. 1972). The epithelial cells frequently lose their 
original type I or type II cell structure and change 
into a form intermediate between the epithelial cell 
and the alveolar macrophage. 
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Fig. 96. Prominent microtubules in a cell 
process of a type I pneumocyte from a fe- 
male white rat (No. 4; breeder: Winkelmann, 
Borchen-Kirchborchen), which inhaled 
10 mg powdered aluminium/m 3 4 h per day, 

5 days per week from August 16 to October 
27, 1967 for a total of 51 days. Fixed on Janu- 
ary 15, 1968 under methitural anaesthesia by 
intratracheal instillation of 2.5 % glutaralde- 
hyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % 
osmium tetroxide in phosphate buffer 
(pH 7.4). Contrasted en bloc for 12 h with 
0.5 % uranyl acetate in 70 % ethanol. Embed- 
ded in a 2 : 8 mixture of methyl and butyl 
methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Plate 38/02 




Liposome-encapsulated catalase (20 units) atten- 
uated H 2 0 2 -induced (50 fiM for 30 min), but not 
amosite-induced (25 fig/cm 2 ) DNA strand break 
formation in cultured type I like pulmonary epithe- 
lial cells (WI-26), suggesting that the DNA damag- 
ing effects of asbestos occur by both H 2 0 2 - 
dependent and H 2 0 2 -independent mechanisms 
(Kamp et al. 1997). 

8.1. 4.4 
Cadmium 

In the Syrian golden hamster, type-I pneumocytes 
were extremely sensitive for alveolar deposition of 
toxic substances as cadmium compounds (Thiede- 
mann et al. 1992). 

8.1. 4.4.1 
Cadmium Oxide 

In rats exposed to CdO for 3 days (18 h/d, 270 jig 
Cd/m 3 ; sacrificed two days after the end of the ex- 
posure) necrosis of type-I pneumocytes and exten- 
sive proliferation of epithelial cells were most com- 
mon, especially in the proximal region of the alveo- 
lar duct (Thiedemann et al. 1989, Paulini et al. 
1992). 

8.1. 4.4.2 

Cadmium Chloride 

In the Sprague-Dawley rat exposed to an aerosol of 
0.1 per cent CdCl 2 in physiologic saline (10 mg 
CdCl 2 /m 3 ) for 2 h, cytoplasmic oedema caused 



type I pneumocytes to bulge out into the alveolar 
lumen (Hayes et al. 1976). 

Intratracheal instillation of 400 ft g CdCl 2 into the 
left lung of the rat within 1 day damaged type I epi- 
thelial cells, and denuded basement membranes 
were observed (Damiano et al. 1988). 

8. 1.4. 5 
Cobalt 

Cobalt aerosols inhaled by rats at a concentration of 
2. 12 ±0.55 mg/m 3 for 5 h per day on 4 consecutive 
days induced ballooning of type I cells (Kyono et al. 
1992). Residual bodies or vacuoles with electron 
dense inclusions were frequently associated with 
foci of interstitial oedema, on the other hand, 
round hypertrophic cells showed a large nucleolus, 
abundant smooth endoplasmic reticulum, a promi- 
nent Golgi apparatus’ and residual inclusion bod- 
ies. Cytoplasmic continuity was always recognised 
between the cells showing above changes and the 
thin membranous cytoplasm, were pinocytotic ves- 
icles were observed. These were only temporary 
changes, which appeared two hours after the end of 
the exposure and had almost ceased 3 days after the 
exposure. 

8.1 .4.6 

Nickel Compounds 

After an intravenous injection in LD 50 dosage of 
nickel carbonyl, i.e. 22 mg Ni/kg of body weight, to 
Sprague-Dawley rats, the most pronounced alter- 
ations occurred in the membranous pneumocytes 
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(Hackett and Sunderman 1968). Great enlarge- 
ment of the nuclei and nucleoli was observed two to 
six days. The cytoplasm contained prominent ar- 
rays of rough endoplasmic reticulum, as well as in- 
creased numbers of free ribosomes and mitochon- 
dria. In some of the type I pneumocytes, the endo- 
plasmic reticulum was distended with flocculent 
osmiophilic material. Abundant Golgi zones were 
present. Multivesicular bodies were found two and 
four days after Ni(CO) 4 application. They were usu- 
ally surrounded by a single membrane. 

A significant decrease of reduced glutathione was 
found in lung homogenates of rats following daily 
subcutaneous injections of one fifth of the LD 50 of 
NiS0 4 for 45 days (Mancas et al. 1996). The lipoper- 
oxide levels in blood and tissues showed that lipoper- 
oxidation involved the antioxidant defence systems. 

8.1. 4.7 
Ozone 

Ozone (0.5 ppm, 2-6 h) first induced a mild swelling 
in the attenuated peripheral cytoplasm of type I rat 
pneumocytes (Stephens et al. 1974). This process 
continued to increase in severity until it was quite 
pronounced. Mitochondria, both in the attenuated 
portions of the cell as well as those around the nu- 
cleus, became progressively swollen until they were 
scarcely recognisable. This was followed either by a 
sloughing away of the entire cell from the basement 
lamina or by rupture of the plasma membrane and 
disintegration of the cell, leaving the basement lam- 
ina devoid of a epithelial covering. 

8.1. 4.8 
Plutonium 

Plutonium particles not phagocytized by alveolar 
macrophages and removed from the lung are found 
in type I alveolar epithelial cells, which phagozytize 
plutonium particles within a few hours after depo- 
sition (Sanders and Adee 1970). These cells ap- 
pear relatively radioresistant. Fine structural stud- 
ies of lung exposed to radiation doses up to 13.000 
rads from 239 Pu showed no evidence of type I cell 
detachment or removal (Sanders et al. 1971). 

8.1. 4.9 
Zinc 

Zinc salts isolated from the respirable range partic- 
ulate material EHC-93 instilled intratracheally into 
Swiss mice induced rapid focal necrosis of type I al- 
veolar epithelial cells followed by inflammation and 
elevation of protein levels in lavage fluid over a 2- 
week period (Adamson et al. 2000). 



8.1.4.10 

Butylated Hydroxytoluene 

Mice given a single intraperitoneal injection of 
400 mg butylated hydroxytoluene per kg body 
weight dissolved in corn oil showed disintegration 
of their type I pneumocytes (Hirai et al. 1977). 
Thereafter, type II epithelium starts to divide and 
transform themselves as early as 2 days into a cell 
resembling type I in order to replace the original 
type I epithelium. This new cell changes its shape to 
become squamous, eliminates lamellar bodies, and 
increases the amount of ribosomes and mitochon- 
dria. The shape of the peroxisomes becomes indis- 
tinct, the density of their matrix is reduced in pro- 
portion to the regulation of the peroxidative activ- 
ity of catalase (Hirai et al. 1983). The presence of 
pinocytotic vesicles and the extension of cytoplas- 
mic processes covering the denuded basement 
membrane strongly suggests a type I epithelium 
profile. 

8.2 

Type II Pneumocytes 

The alveolar type II cells are spherical pneumocytes 
which comprise only 4% of the alveolar surface 
area, yet they constitute 60 % of alveolar epithelial 
cells and 10-15 % of all lung cells. Four major func- 
tions have been attributed to alveolar type II cells: 

1) Synthesis and secretion of surfactant 

2) Xenobiotic metabolism 

3) Transepithelial movement of water 

4) Regeneration of the alveolar epithelium follow- 
ing lung injury. 

Therefore, alveolar type II cells play important roles 
in normal pulmonary function and in the response 
of the lung to toxic compounds, which may cause 
lung damage. 

Several methods have been employed to isolate 
and purify type II cells, including enzymatic diges- 
tion of pulmonary tissue to free lung cells from the 
pulmonary epithelium and purification of type II 
pneumocytes by discontinuous density gradients 
(Kikkawa and Yoneda 1974), primary culture 
(Dobbs and Mason 1979), centrifugal elutriation 
(Jones et al. 1982), or unit gravity sedimentation 
(Brown et al. 1984). 

Type II pneumocytes can be identified at the 
light microscope level by antibodies against cyto- 
keratin 18 (Schlichenmaier et al. 2000). This in- 
termediate filament was thereby predominantly lo- 
calised in the apical compartment and the intensity 
of the immunostaining depends on the stage of de- 
velopment. Type I alveolar cells as well as alveolar 
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macrophages were consistently negative to cytoker- 
atin 18 in postnatal porcine lung tissue. 

The lamellar bodies characteristic for type II 
pneumocytes can be visualised using light micros- 
copy with the Papanicolaou stain. They are identi- 
fied as deep blue granules surrounded by a clear halo 
(Kikkawa and Yoneda 1974). Mason and Willi- 
ams (1976) have shown that a lipophilic fluorescent 
dye, phosphine 3R, is concentrated in the lamellar 
bodies. Therefore, type II pneumocytes can be iden- 
tified under the fluorescent microscope by their yel- 
low inclusion bodies (Castranova et al. 1988). 

8.2.1 

Ultrastructure 

The lamellar body has a distinct three-dimensional 
architecture (Gil and Reiss 1973, Weibel 1973, 
Stratton 1976). Overall the lamellae are bell- 
shaped and organised around a cylindrical core 
that often includes a protrusion of the limiting 
membrane. The lamellae insert into or arise from a 
thin layer of amorphous, moderately electron- 
dense material, located along the lateral limiting 
membrane, but also seen in the core. Sections in 
different angles result in a variety of morphological 
appearances, from circumferential to longitudinal. 
Histochemical localisation of enzymes has always 
been made in the amorphous material of the core 
or the periphery. Lamellae do not close laterally 
and there is no continuity or contact between con- 
tiguous lamellae. It is known that lamellar bodies 
derive from multivesicular bodies, which are organ- 
elles related to the lysosome system. Therefore, the 
amorphous material occasionally can be seen con- 
taining a few small vesicles, which suggests that it 
may be related to the original matrix of the multive- 
sicular bodies. 



In the pig, the granular pneumocytes character- 
istically contain numerous large partially “filled” 
vacuoles (Epling 1966). An electron-opaque mass 
of irregular shape frequently lines the vacuoles. La- 
mellar forms of vacuolar contents were occasionally 
observed. The vacuoles were observed in varied 
states of fusion, and some were observed releasing 
their contents into the alveolar lumen. In the neo- 
natal and postnatal porcine lung, osmiophilic, la- 
mellated bodies (up to 2 urn in diameter) were typi- 
cal (Winkler and Cheville 1984). Mitochondria, 
granular endoplasmic reticulum, and a well- 
developed Golgi field were present. 

In the pigtail macaque, the number of lamellar 
bodies per alveolar type II cell of older animals (15, 
20 and 20 years, all female, n = 73 cells) showed a 
significant decrease (P <0.01) compared with that 
of young animals (1.5, 1.5, 4.8 years, all female n = 
66 cells) (Shimura et al. 1986). 

The volume density values for foetal type II cells 
of rabbits fasted (by complete withdrawal of food) 
for 7 days (days 21-28 of gestation) were, with the 
exception of the Golgi apparatus, found to be inter- 
mediate between those of the controls and a pilo- 
carpine (5 mg/kg administered subcutaneously on 
days 24 through 27 of gestation)-treated group 
(Smith et al. 1982). A high percentage of lamellar 
inclusion bodies within type II cells of the fasted 
group appeared morphologically abnormal, being 
characterised by a highly irregular outline and 
tightly packed lipid membranes. 

Intracellular macrophage inflammatory protein- 
2 was found mainly in the endoplasmic reticulum 
of primary cultured rat pneumocytes in response to 
lipopolysaccharide stimulation (Xavier et al. 
1999). The amount of MIP-2 produced in these cells 
is at a magnitude similar to that from macrophages. 
Its production in rat pneumoctes is regulated at 



Fig. 97. Membrane vesiculation (arrow) in a 
type I pneumocyte (left) and lamellar bodies 
in a type II pneumocyte (right) of an un- 
medicated male rat (No. 2573, block BNh 
3767). Under pentobarbital anaesthesia 
(30 mg/kg), the animal was perfused from 
the abdominal aorta with 2.5 % glutaralde- 
hyde in 0.1 M sodium cacodylate buffer 
(pH 7.4). Postfixation with 1 % osmium te- 
troxide in sodium cacodylate buffer. Embed- 
ded in Epon 812 and sectioned at 50 nm. 
Lead citrate and uranyl acetate. Plate 2515 
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both the transcriptional and translational levels. 
Isowa et al. (2000) found that brefeldin A, by block- 
ing anterograde transport from the endoplasmic re- 
ticulum to the Golgi apparatus, a process com- 
monly regulated by microtubules, decreased lipo- 
polysaccharide-induced MIP-2 inthe culture me- 
dium and increased its storage in cells. Breeldin A at 
concentrations as high as 10 ugl ml failed to alter 
the assembly of phosphatidylcholine into lamellar 
bodies (Osanai et al. 2001). The same concentra- 
tion of brefeldin A was also ineffective at altering 
the secretion of newly synthesised phosphatidyl- 
choline from alveolar type II cells isolated from 
male Sprague-Dawley rats. In contrast, concentra- 
tions of the drug of 2.5 /ig/ml completely arrested 
newly synthesised lysozyme secretion from the 
same cells, indicating that brefeldin A readily 
blocked protein transport processes in pneumocy- 
tes II. The disassembly of the Golgi apparatus fol- 
lowing brefeldin A treatment was also demon- 
strated by showing the redistribution of the resi- 
dent Golgi protein MG- 160 to the endoplasmic re- 
ticulum. 

Type II pneumocytes can be identified at the 
light microscope level by antibodies against cyto- 
keratin 18 (Schlichenmaier et al. 2000). This in- 
termediate filament was thereby predominantly lo- 
calised in the apical compartment and the intensity 
of the immunostaining depends on the stage of de- 
velopment. Type I alveolar cells as well as alveolar 
macrophages were consistently negative to cytoker- 
atin 18 in postnatal porcine lung tissue. 

Alveolar type II cells of the rat were able to inter- 
nalise, rapidly and in relatively large amounts, cer- 
tain types of tracer substances (ferritin, dextran) 
and, after internalisation, deposit them in multive- 
sicular bodies and lamellar bodies (Williams 
1984). The studies of Hubbard (1982) on hepatic 
metabolism of asialoglycoproteins, of McKanna et 
al. (1984) on endocytosis of ferritin-labelled epider- 
mal growth factor, and of Goldstein et al. (1985) 
on receptor-mediated uptake of low density lipo- 
proteins and the resultant suppression of choles- 
terol synthesis, illustrated the general functional ro- 
les of multivescular bodies. Male Sprague-Dawley 
rat alveolar type II cells seem to have more vesicu- 
lar bodies than do other types of cells (0.6 + 0.1 % 
of their total cell volume or 3 ± 0.6 /im 3 as absolute 
value for this compartment per cell) and they con- 
tain at least three different types of multivesicular 
bodies, classed loosely as electron-lucent (and 
large), electron dense (and small) and composite 
bodies that contain a few phospholipid lamellae 
(Young et al. 1985). The most striking polarisation 
observed was the strong association of multivesicu- 
lar body volume in the quartile closest to the Golgi 



surface. In rats given paraquat orally (680 /imol/kg) 
the multivesicular bodies were absent (Sykes et al. 
1977). 

Peroxisomes were observed in differentiating 
mouse epithelial cells at 15 days of gestation 
(Schneeberger 1972). They were present before 
the first appearance of cytosomes, a presumed stor- 
age site of surfactant. Immediately before birth 
there was a 3-fold increase in number of peroxi- 
somes per cell, and their number continued to in- 
crease during the subsequent 16 postnatal days 
studied. The peroxisome to mitochondrion ratio 
was as low as 1/5 during the gestational period and 
gradually rose to adult levels (1/1) by the 1st week 
after birth. 

Lysosomes isolated from type II cells of male 
New Zealand White rabbits injected intratracheally 
with [ 3 H]dipalmitoylphosphatidylcholine and 
[ 14 C] l,2-dihexadecyl-sn-glycero-3-phosphocholine 
are the primary catabolic organelle for alveolar sur- 
factant dipalmitoylphosphatidylcholine following 
reuptake by type II cells in vivo (Rider et al. 2000). 

In contrast to alveolar type I cells, the plasma 
membrane of alveolar type II cells appears to lack 
plasmalemmal invaginations (Campbell et al. 1999, 
Newman et al. 1999). Other cells lacking caveolae/ 
caveolin are fully functional in responding to 
growth factors and have microdomains, namely 
rafts, that are resistant to Triton X-100 solubilization 
(Langlet et al. 2000). Thus caveolae are not the 
only type of plasmalemmal subcompartment orga- 
nised to transduce signalling cascades. Nanjundan 
and Possmayer (2001) showed lipid phosphate 
phosphohydrolase activity, phosphatidylcholine 
plus sphingomyelin, and cholesterol enriched in the 
detergent-insoluble domains. However, nearly 80 % 
of the total lipid phosphate phosphohydrolase activ- 
ity partitioned to the detergent-soluble fractions. 
The transferrin receptor, a clathrin-coated pit 
marker, as well as protein kinase Cot, localised pre- 
dominantly to the detergent-soluble fractions. 

8.2.2 

Histochemistry 

8.2.2.1 

Glutathione 

The GSH content of freshly isolated rabbit type II 
pneumocytes was 0.43 ±0.11 nmol/10 6 cells; it was 
depleted to 0.15 ±0.03 nmol/10 6 cells by incubating 
with 200 jj,M diethyl maleate for 20 min (Horton et 
al. 1987). Cysteine was best able to support resyn- 
thesis of GSH. There was no evidence for partici- 
pation of a cystathionine pathway for glutathione 
synthesis. 
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Type II pneumocytes isolated from pathogen- 
free Sprague-Dawley rats may increase intracellular 
glutathione levels by reducing cystin to cysteine, 
which is then rapidly transported into the cell and 
used as a substrate for intracellular GSH synthesis 
(Deneke et al. 1995). 

8. 2. 2. 2 

Glycoproteins 

Pneumocin (M r 165 kDa) marks the apical mem- 
brane surface of type II pneumocytes (Lwebuga- 
Mukasa 1991). Expression of glycoprotein is lost 
when type II cells differentiate into type I cells. 

Tenascin is a large, 190-240 kDa, extracellular 
matrix glycoprotein with a hexameric, multidomain 
structure composed of disulphide-linked subunits 
(Erickson and Bourdon 1989). It is produced by 
the human type II alveolar epithelial cell line A549 
(Martin et al. 1995). Basal levels of tenascin pro- 
duction are down regulated by the presence of fi- 
bronectin and collagens I and IV, and upregulated 
by IL- 1 (3, TNF-a and TNF-y the cytokines having a 
synergistic effect. Upregulation of tenascin and 
TGFfi production occurred in A549 cells by anti- 
body against a pulmonary auto-antigen (Wallace 
and Howie 2001). 

Messenger RNA of receptors for advanced glyca- 
tion end products (AGEs), final products of nonen- 
zymatic glycation and oxidation of proteins or lip- 
ids, is abundantly expressed in type II pneumocytes 
(Katsuoka et al. 1997). 

Two high density lipoprotein-binding proteins 
purified from rat lung tissue were identified as HB2 
(Lutton and Fidge 1994) and a glycosyl 
phosphatidylinositol-anchored membrane dipepti- 
dase (Witt et al. 2000). The level in type II pneu- 
mocyte membranes of both binding proteins in- 
creased when the plasma lipoprotein concentration 
was reduced by treatment of rats with 4- 
aminopyrazolo [3, 4-d] -pyrimidine, consistent with 
a function to facilitate lipid uptake in vivo (Witt et 
al. 2000). The binding proteins were also dramati- 
cally upregulated by feeding rats a vitamin E- 
depleted diet. Vitamin E uptake requires interaction 
between high density lipoprotein and type II pneu- 
mocytes, suggesting a role of HB2 and membrane 
dipeptidase also in this process. 



8. 2.2. 3 

Enzymes 

8.2. 2.3.1 
Oxidoreductases 

Oxidoreductases with NAD + or NADP + 
as Acceptor 

Lactate Dehydrogenase (EC 1.1.1.27) 

Lactate dehydrogenase (EC 1.1.1.27) 

5-Lactate + NAD + Pyruvate + NADH [125] 

During culture of rabbit type II pneumocytes in 
normoxia for48 h, lactate dehydrogenase activity 
increased to 257 % of its initial value (Panus et al. 
1988). 

Glucose-6-phosphate Dehydrogenase (EC 1.1.1.479) 

Glucose-6-phosphate 1 -dehydrogenase (EC 1.1.1.49) 

D-Glucose-6-phosphate + NADP + — > 

D-Glucono-1,5-lactone-6-phosphate+ NADPH [126] 

Glucose-6-phosphate dehydrogenase activity in pri- 
mary cultures of type II rat pneumocytes was 
442 ±61 units per mg DNA or 33.1 ±4.6 units 
per mg protein while the figures for activity in 
whole lung trimmed of large bronchi and major 
blood vessels were 285 ± 8 units per mg DNA or 
14.0±1.0 units per mg protein (Forman and 
Fisher 1981, 1985). 

Carbonyl Reductase (EC 1.1.1.184) 

By an electronmicroscopical immunogold proce- 
dure using monospecific antibodies against the en- 
zyme, Matsuura et al. (1994) localised tetrameric 
carbonyl reductase within the mitochondria of the 
type II pneumocytes of the mouse. No significant 
labelling was detected over other components of the 
epithelial cells. 

Oxidoreductases with Oxygen as Acceptor 

Xanthine Dehydrogenase (EC 1.1.1.204) and 
Xanthine Oxidase (EC 1.1.3.22) 

Panus and Freeman (1988) detected xanthine de- 
hydrogenase/xanthine oxidase in isolated type II 
pneumocytes from several species and the activity 
was followed in culture. Cells were lysed by sonica- 
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tion in a buffer designed to inhibit artifactual con- 
version of dehydrogenase to xanthine oxidase by 
proteolysis and sulfhydryl oxidation. Xanthine de- 
hydrogenase/xanthine oxidase activity was detected 
by conversion of pterin to isoxanthopterin, a fluo- 
rescent product (k ex = 345 nm and k em = 390 nm), 
using methylene blue as the electron acceptor for 
xanthine dehydrogenase. Isolated rat (n = 3) and 
rabbit (n = 5) type II pneumocytes contained 
243 ± 197 and 33 + 24 /dJ/mg protein, respectively, of 
which 33 ±14% and 25 ±10%, respectively, was in 
the xanthine oxidase form. A 50% xanthine dehy- 
drogenase to xanthine oxidase conversion would re- 
sult in intracellular H 2 0 2 and 0 2 ‘“ production of 73 
and 49 pmol/min/mg protein respectively, in rat 
type II cells, and 10 and 7 pmol/min/mg protein, re- 
spectively, in rabbit type II cells. Production of H 2 0 2 
and 0 2 *~ at these rates would be cytotoxic. Culture of 
rat pneumocytes II resulted in a continuous loss of 
xanthine dehydrogenase/xanthine oxidase activity 
becoming 8 % of freshly isolated cell values after 
135 h of culture. In rabbit type II cells, 39 h of cul- 
ture resulted in loss of xanthine dehydrogenase/xan- 
thine oxidase activity below detectability. 



its active site, probably incorporated into cyteine 
molecules replacing their sulphur atoms. 

Glutathione peroxidase (EC 1 .1 1 .1 .9) 

2 GSH + H 2 0 2 — *- GSSG + 2 H 2 0 [58] 

The protein contains a selenocysteine residue. Ster- 
oid and lipid hydroperoxides, but not the product 
of reaction of EC 1.13.11.12 on phospholipids, can 
act as acceptor, but more slowly than H 2 0 2 (cf. EC 
1.11.1.12 

The constitutive enzyme activity of glutathione 
peroxidase in pneumocytes II isolated from SPF 
Sprague-Dawley rats is 2830 ± 220 units/mg DNA or 
211 ±16 units/mg protein (Forman and Fisher 
1981, 1985). 

During culture of rabbit type II pneumocytes for 
48 h in normoxia, glutathione peroxidase activity de- 
creased to 13 % of its initial value (Panus et al. 1988). 

A549-cells, a human airway epithelial carcinoma 
cell line with type II alveolar epithelial cell differen- 
tiation, dislodged before use with a 0.25 per cent 
trypsin solution, did not contain any detectable glu- 
tathione peroxidase (Rietjens et al. 1985). 



Oxidoreductases with Reduced NAD or NADP Oxidoreductases Acting on Paired Donors 
as Donators with Incorporation of Molecular Oxygen 



Glutathione Reductase (EC 1.6. 4. 2) 

Treating alveolar type II cells isolated from 
Sprague-Dawley rats with N, AP-bis-(2-chlorethyl)- 
N-nitrosourea (BCNU) markedly decreased cellular 
GSSG-reductase activity associated with a time- 
dependent increase in cellular glutathione (GSH) 
concentrations (Jenkinson et al. 1994). 

Oxidoreductases with Hydrogen Peroxide 
as Donator 

Catalase (EC 1.11.1.6) 

Detoxification of hydrogen peroxide by catalase 
(EC 1.11.1.6) 

2 H 2 0 2 — »-2 H 2 0 + 0 2 [127] 

In freshly isolated alveolar type II cells of male, 250- 
to 300-g, pathogen-free rats catalase activity was 
2,710 ± 180 U/mg DNA (Walther et al. 1991). 

Glutathione Peroxidase (EC 1.11.1.9) 

Glutathione peroxidase consists or four protein 
subunits, each containing one atom of selenium at 



Prolyl 4-hydroxylase (EC 1.14.11.2) 

Prolyl 4-hydroxylase (EC 1.14.11.2) is a key enzyme 
required for the posttranslational hydroxylation of 
proline residues in collagen. The enzyme consists of 
a tetramer composed of two pairs of nonidentical 
subunits (a 2 p 2 ) of — 60 kDa each (Berg et al. 1979). 
Peptide mapping has demonstrated that the a and |3 
subunits are products of different genes (Berg et al. 
1979). The |3 subunit has been shown (Pihlaja- 
niemi et al. 1987) to be virtually identical with the 
enzyme protein disulphide isomerase (EC 5.3.4. 1). 

Kasper et al. (1994) reported the selective im- 
munohistological localisation of protein disulphide 
isomerase in human type II alveolar and bronchial 
epithelial cells. The detection of the hidden antigen 
with the monoclonal antibody 5B5 usually failed in 
paraffin sections but succeeded after microwave 
pre-treatment of tissue slices. 

Nitric Oxide Synthase (EC 1.14.23) 

L-Arginine-nitric oxide pathway 

nos +oy 

L-Arginine — *- Nitric oxide('NO) — *- Peroxynitrite (ONOO~) 

[46] 
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In A549-cells, stimulation with a combination of in- 
terferon y, tumour necrosis factor a, interleukin- 1 (3, 
and LPS for 12, 24 and 48 h induced inducible nitric 
oxide synthase (Watkins et al. 1997). TNF-a alone 
does not induce ‘NO production directly; however, 
it does have a stimulatory effect on IL-l|3-induced 
‘NO production (Kwon and George 1999). IL-1|3 
and interferon y both ‘NO production alone, yet at 
different concentration thresholds, and act synergis- 
tically when present together. In the presence of all 
three cytokines, the net effect of "NO production ex- 
ceeded the predicted additive effect of each individ- 
ual cytokine and the two-way interactions. 

Using anti-digoxigenin-alkaline phosphatase and 
nitroblue tetrazolium Punjabi et al. (1994) visual- 
ised inducible nitric oxide synthase mRNA in rat 
type II pneumocytes. iNOS mRNA was induced in 
A549-cells by interferon-y and interleukin- 1 (3 
(Dweik et al. 1996). TNFa enhanced IFNy/IL-lp 
expression 4-fold, while IL-4 attenuated the IFNy/ 
IL-1|3 expression 4-fold. Addition of lipopolysac- 
charide did not affect IFNy/IL- 1 [3 iNOS expression. 

Type 2 foetal rat alveolar epithelial cells preincu- 
bated with IFN-y (lOOU/ml), TNF-a (500 U/ml), 
IL-1|3 (300 pM), and lipopolysaccharide exposed to 
15% C0 2 (hypercapnia) revealed a significant in- 
crease in ‘NO production and NOS activity (Lang 
et al. 2000). Cell 3-nitrotyrosine content as meas- 
ured by both HPLC and immunofluorescence stain- 
ing also increased when exposed to the same condi- 
tions. Hypercapnia significantly enhanced cell in- 
jury as evidenced by impairment of monolayer bar- 
rier function and increased induction of apoptosis. 
The results were attenuated by the NOS inhibitor N- 
monomethyl-L-arginine (1 mM). 

Type II pneumocytes can be identified at the 
light microscope level by antibodies against cyto- 
keratin 18 (Schlichenmaier et al. 2000). This in- 
termediate filament was thereby predominantly lo- 
calised in the apical compartment and the intensity 
of the immunostaining depends on the stage of de- 
velopment. Type I alveolar cells as well as alveolar 
macrophages were consistently negative to cytoker- 
atin 18 in postnatal porcine lung tissue. 

Oxidoreductases with Superoxide Radical 
as Acceptor 

Superoxide Dismutase (EC 1.15.1.1) 

Superoxide dismutase (EC 1.15.1.1) 

2 Oy + 2 H + — »- H 2 0 2 + 3 £g0 2 [128] 

Human alveolar type II cells obtained from surgical 
resections expressed the extracellular form of su- 
peroxide dismutase mRNA (Su et al. 1997). 



In human A549 lung epithelial cells transfected 
with Mn superoxide dismutase promoter-reporter 
constructs with or without thymidine kinase-driven 
Renilla luciferase, exposure to hypoxia (<2.5 % 0 2 ) 
for 24 h caused a significant increase in luciferase 
(Ohman et al. 1999). 

In freshly isolated alveolar type II cells of male, 
250- to 300-g, pathogen-free rats SOD activity was 
213 ± 11 U/mg DNA (Walther et al. 1991). 

In a rat type II pneumocyte analogue, the L2 cell 
line, exposed for 6 h to a combination of interferon- 
y (2,000 U/ml) and tumour necrosis factor-a 
(500 U/ml), extracellular superoxide dismutase and 
inducible nitric oxide synthase transcription was 
upregulated (Brady et al. 1997). Transcription of 
both genes was linked by activation of the tran- 
scription factor nuclear factor-xB. 

8.2. 2. 3. 2 

Transferases 

0 6 -Alkylguanine-DNA alkyltransferase 
(EC 2.1.1.63) 

0 6 -Alkylguanine-DNA alkyltransferase (EC 2.1.1.63) 
of type II pneumocytes isolated from male New 
Zealand White rabbits was 5.82fM/10 6 cells (Deil- 
haug et al. 1985). 

Animal fatty acid synthase (EC 2.3.1.85) is a ho- 
modimer of approx. 570 kDa and in the rat and hu- 
man is the product of an 18-19 kb gene (Smith 
1994). Lu et al. (2001) transfected A549 cells with 
various fatty acid synthase gene constructs ligated 
to the firefly luciferase gene and cultured them with 
dexamethasone for 24 h after which luciferase ac- 
tivity was measured. Dexamethasone increased lu- 
ciferase expression in response to a fragment in the 
promoter and 5’-flanking region of the fatty acid 
synthase gene, from -1592 to +65 bp. This increase 
was antagonised by triiodothyronine (T 3 ) and 
transforming growth factor-|3l. Serial deletions 
showed that the full response to dexamethasone 
and T 3 were retained in the 89 bp —33/4-56 bp frag- 
ment whereas the response to TGF was mediated by 
the immediately upstream -104/-34 bp sequence. 

y-Glutamyltransf erase (EC 2. 3. 2. 2) 

y-Glutamyltransferase (EC 2. 3. 2.2), a membrane- 
bound enzyme found on the external surface of the 
cell (Meister et al. 1981), breaks the y-glutamyl 
peptide bond of glutathione (GSH), releasing cyste- 
inylglycine. The y-glutamyl moiety is then trans- 
ferred to an amino acid forming a y-glutamyl- 
amino acid, which is transported into the cell 
(Griffith and Meister 1979): the amino acid is 
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released in the cell by the action of y-glutamyl- 
cyclotransferase. The cysteinylglycine moiety is 
also taken up into the cell as an intact molecule, or 
as cysteine and glycine after hydrolysis by a dipep- 
tidase. Inside the cell glutamate, cysteine and gly- 
cine may be recycled for de novo GSH synthesis 
(Griffith et al. 1979). Exposure of primary cul- 
tures of rat type II pneumocytes to the GSH deplet- 
ing agent L-buthionine- [SR] -suhoximine (BSO) for 
3 h led to a dose dependent increase in of y- 
glutamyltransferase activity 24 and 48 h later, with 
almost twice the activity at 125 pM BSO (Van Kla- 
veren et al. 1997). Restoration of intracellular GSH 
levels by addition of GSH to the culture medium 
completely prevented the increase in y-glutamyl- 
transferase activity by BSO, while addition of cata- 
lase or dimethylthiourea had no effect. 

Glutathione S-transferase (EC 2.5.1.18) 

Glutathione S-transferase theta I was localised in 
type II pneumocytes of the mouse (Quondamat- 
teo et al. 1998). 

Glutathione S-transferase (EC 2.5.1 .1 8) 

RX + Glutathione — »-HX + R-S-G [129] 

8. 2.2. 3. 3 

Hydrolases 

Phosphoric Monoester Hydrolases 

Alkaline Phosphatase (EC 3. 1.3.1) 

Alkaline phosphatase, a dimeric glycoprotein that 
catalyses the hydrolysis of orthophosphoric mono- 
esters, is a membrane-bound enzyme comprising 
four isoenzymes encoded by different structural 
genes: tissue non-specific, intestinal, placental and 
germ-cell (Moss 1992). 

Meban (1975) localised alkaline phosphatase in 
the granular pneumocytes of hamster lung. Alka- 
line phosphatase expression by type II cells appears 
to be regulated in concert with the synthesis of the 
phospholipid and apoprotein components of pul- 
monary surfactantin both adult rat type II cells in 
primary culure and in the foetal lung (Edelson et 
al. 1988). 

An increase of a pulmonary isoform of a tissue 
nonspecific alkaline phosphatase isoenzyme activ- 
ity has been observed in the bronchoalveolar lavage 
fluid (separated from cells) of patients affected by 
idiopathic pulmonary fibrosis, sarcoidosis, chronic 
bronchitis, and silicosis (Capelli et al. 1997). 

The alkaline phosphatase isolated from the sur- 
factant from lipopolysaccharide-instilled rats was 
tissue non-specific, but some of the activity was 



characteristic of intestinal-type alkaline phospha- 
tase (Harada et al. 2002). 

Acid phosphatase (EC 3. 1.3. 2) was chiefly found 
in the characteristic laminated vacuoles of the 
type II pneumocytes of the rat (Corrin et al. 1969). 
Not all such vacuoles nor indeed all such cells con- 
tained the enzyme; but in many, acid phosphatase 
reaction product formed a thin rim about the pe- 
riphery of the vacuoles. The enzyme was not lim- 
ited to the smaller of these cytosomes and was of- 
ten present in the larger and presumably older vac- 
uoles. Occasionally reaction product was aligned 
alongside or within channels of the endoplasmic re- 
ticulum. The multivesicular bodies described by 
Sorokin (1966) and Goldenberg et al. (1967) gen- 
erally contained acid phosphatase at their periph- 
ery and between the individual vesicles. 

Serine Proteinases (EC 3.4.21) 

Urokinase-type plasminogen activator 
(EC 3.4.21.73) 

Urokinase-type plasminogen activator (EC 
3.4.21.73) is synthesised in a single-chain form and 
is converted to an active, two chain form after it 
binds to its cell surface receptor, uPAR. Treatment 
human of alveolar type II cells (A549) with 1 to 
5 ,uM chromium(VI) for 4 and 12 h decreased both 
the specific activity and the amount of uPA protein 
(Shumilla and Barchowsky 1999). Chromium 
reduced uPA protein levels by inhibiting protein 
synthesis and had no effect on uPA mRNA levels or 
the rate of uPA protein degradation. In contrast, 
both mRNA and protein levels for the uPA receptor 
were increased by treatment with concentrations of 
chromium(VI) that did not completely inhibit pro- 
tein synthesis. 

Cysteine Endopeptidases (EC 3.4.22) 

Gelatinase (EC 3.4.24) 

Gelatinase A (EC 3.4.24.24) 

Cleavage of gelatin type I and collagenes types IV, V, VII, X. 

Cleaves the collagen-like sequences 

Pro— Gin— Gly— |— lie— Ala— Gly— Gin [130] 

Gelatinase A (EC 3.4.24.24), a 70-kDa protein, was 
produced in vitro by type II pneumocytes isolated 
from pathogen-free Sprague-Dawley rats (D’Ortho 
et al. 1997). A 95-kDa gelatinolytic activity was also 
present but usually in small amounts compared 
with the 70-kDa gelatinases. A549 cells under basal 
conditions expressed only 70-kDa gelatinase activ- 
ity. Gelatinase activities were inhibited by EDTA but 
not by phenylmethylsulfonyl fluoride or N- ethyl- 
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maleimide, demonstrating that they are metallo- 
proteases. Zymography of samples incubated in the 
presence of 4-aminophenyl-mercuric acetate before 
electrophoresis showed shifts of 95- to 88-kDa gela- 
tinase and 70- to 62-kDa gelatinase. 

Metalloproteinase-2 gelatinolytic activity was ex- 
pressed in A549 cells, and exposure to ionising 
radiation (16 Gy) increased this activity (Araya et 
al. 2001). In contrast to treatment with p53 sense oli- 
gonucleotide or with lipofectin alone, treatment with 
p53 antisense oligonucleotide almost perfectly abro- 
gated the irradiation-induced accumulation of p53 
protein in A549 cells 3 h after radiation exposure. 

Foetal rat alveolar epithelial cells (19-20 days) 
had higher matrix metalloproteinase-2 and metallo- 
proteinase-9 gelatinase expression than adult alveo- 
lar epithelial cells, with fivefold higher matrix 
metalloproteinase-9 activity, and were migratory 
through gelatin, responding to epithelial growth 
factor, and fibroblast growth factor-10 (Buckley et 
al. 2001). 

Hydrolases Acting on Acid Anhydrides 
Na + -JC-ATPase (EC 3.6. 1.3) 

Na+-K+-ATPase (EC 3.6.1 .3) 

ATP + H 2 0 — »-ADP + Orthophosphate [131] 

Exposure of rat alveolar type II cells plated on poly- 
carbonate filters in serum-free medium to 10 ng 
keratinocyte growth factor/ml on day 4 resulted in 
dose-dependent increases in short-circuit current 
( I sc ) across alveolar epithelial cell monolayers com- 
pared with controls by day 5, with further increase 
occurring through day 8 (Borok et al. 1998). Rela- 
tive Na + -K + -ATPase a r subunit mRNA abundance 
was increased by 41 % on day 6 and 8 after exposure 
to keratinocyte growth factor, whereas a 2 -subunit 
mRNA remained only marginally detectable in both 
the absence and presence of keratinocyte growth 
factor. Levels of mRNA for the fVsubunit of Na + - 
K + -ATPase did not increase, whereas cellular ai- 
and (3,-subunit protein increased 70 and 31%, re- 
spectively, on day 6. mRNA for a-, (3-, and y-rat epi- 
thelial Na channel all decreased in abundance after 
treatment with keratinocyte growth factor. 

Na + -K + -ATPase glycosylated (3-subunit protein 
was identified in rat type II pneumocytes grown in 
primary cultures as a broad ~ 50 kDa band when 
blotted with the polyclonal anti (3! antibody SpET 
but could not be detected by blotting with other 
anti-|3 antibodies (Zhang et al. 1997). The lung 13- 
subunit may be glycosilated differently from kidney 
and other tissues. 

Differentiation of rat type II pneumocytes to a 
pneumocyte I-like phenotype resulted in a decrease 



of a,- and an increase of a 2 -mRNA and protein abun- 
dance without changes in the (3 r subunit (Ridge et al. 
1997). The existence of the distinct functional classes 
of Na + -K + -ATPase in type II pneumocytes and pneu- 
mocyte type I-like cells was confirmed by ouabain in- 
hibition of Na + -K + -ATPase activity. Ouabain inhibi- 
tion of type II pneumocytes was consistent with ex- 
pression of the a r iso/yme (IC 50 = 4xlO' 5 M); 
whereas, in pneumocyte I-like cells, it was consistent 
with the presence of both a r and a 2 -isozymes (IC 50 = 
9.0 x 10“ 5 and 1.5 x 10' 7 M, respectively); [ 3 H]ouabain 
binding studies corroborated these findings. 

8. 2. 2. 3.4 
Lyases 

Guanylate Cyclase (EC 4.6. 1.2) 

Guanylate cyclases exist in both the soluble and 
membrane fractions of most tissue homogenates, 
probably across all animals (Foster et al. 1999). 
The conservations of amino acids within “signa- 
ture’ is pronounced, and thus a cyclase homology 
domain, known to process either adenylyl or gua- 
nylyl cyclase activity, and an amphipathic region 
found in both soluble and membrane forms of gua- 
nylate cyclase are easily recognised at the primary 
amino acid level. 

In rat lung membranes, atrial natriuretic peptide 
stimulated the guanylate cyclase 2.1 -fold compared 
to the control at an optimal concentration of 0.1 mM 
(Nashida et al. 2000). The stimulation by atrial na- 
triuretic peptide was smaller in the presence of Mn 2+ 
than in the presence of Mg 2+ . The addition of inor- 
ganic phosphate to the reaction mixture altered the 
guanylate cyclase activities in the presence of Mn 2+ 
with or without atrial natriuretic peptide and/or 
ATR In the presence of 10 mM phosphate, ATP 
dose-dependently stimulated the basal guanylate cy- 
clase 5-fold compared to the control at a concentra- 
tion of 1 mM and augmented the atrial natriuretic 
peptide-stimulated guanylate cyclase, which was 
4.2-fold compared to the basal guanylate cyclase, 
5.5-fold compared to the control at a concentration 
of 0.5 mM. Protein phosphatase inhibitors, okadaic 
acid (100 nM), H8 (1 fiM) and staurosporin (1 /tM), 
did not alter the activity. Orthovanadate (1 mM), an 
inorganic phosphate analogue, significantly stimu- 
lated both the basal guanylate cyclase and the atrial 
natriuretic peptide-stimulated guanylate cyclase, 
which were inhibited by ATP. 

Ca 2+ reversibly inhibited both the basal and NO- 
stimulated forms of bovine lung soluble guanylate 
cyclase (Serfass et al. 2001). Inhibition was inde- 
pendent of the activator identity and concentration, 
revealing that Ca 2+ interacts with a site independent 
of the heme regulatory site. 
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8. 2.2. 3. 5 
Ligases 

Glutamine synthetase (EC 6.3. 1.2) was inhibited in 
A549 human lung adenocarcinoma cells during hy- 
peroxia (McGrath-Morrow and Stahl 2002). 

8. 2.2.4 
Endothelin 

Endothelin-1, a peptide initially purified from por- 
cine aortic endothelial cells, has been shown to be 
expressed by human pneumocytes type II in lung fi- 
brosis (Giaid et al. 1993), by rat pneumocytes II 
(Crestani et al. 1994), and a cell line derived from 
rat pneumocytes II (L2; Markevitz et al. 1995). ET- 
1 has potent vascular and bronchial smooth muscle 
cell constrictor properties, acts as a mitogen for dif- 
ferent cell types, such as fibroblasts or smooth mus- 
cle cells (Battistini et al. 1993), and is involved in 
the modulation of the inflammatory response 
through a direct effect on alveolar macrophages (Na- 
gase et al. 1990) or mast cells (Ehrenreich et al. 
1992). ET-1 production is inhibited by IL- 1 13 (Odoux 
et al. 1997). IL- 1 (3 effect was dependent on protein 
synthesis, was partially prevented by indomethacin, 
and was totally prevented by dexamethasone. 

8. 2.2. 5 

Tenascin Immunoreactivity in Cryptogenic 
Fibrosing Alveolitis 

Examination of lung biopsies from patients with 
cryptogenic fibrosing alveolitis has indicated that 
prominent type II cell hyperplasia is often associ- 
ated with deposition of tenascin (Wallace et al. 
1995), which is produced at sites of active scarring 
(Mackie et al. 1988). 

8. 2.2. 6 

Fas 

Fas is a member of the TNF/NGF receptor family 
(Itoh et al. 1991, Nagata 1995). Fas, a type I mem- 
brane receptor protein, transduces a signal culmi- 
nating in apoptosis after binding to the Fas ligand. 
Fine et al. (1997) found Fas gene expression in RNA 
derived from fresh isolates of primary rat type II 
pneumocytes; restriction of Fas expression to a 
subset of alveolar type II cells by in situ hybridisa- 
tion and immunohistochemistry of the normal 
mouse lung; induction of apoptosis in a mouse lung 
type II epithelial cell line (MLE) after activation of 
Fas; and induction of apoptosis in a subpopulation 
of type II cells after the intratracheal instillation of 
an activating anti-Fas antibody in mice. 



8.2.3 

Surfactant 

Pulmonary surfactant is a lipid-protein complex se- 
creted by type II pneumocytes into the fluid lining 
the alveoli. Pulmonary surfactant contains specific 
proteins, categorised as surfactant proteins A-D 
(Possmayer 1988). Hydrophobic protein B and C 
together make up about 2 weight per cent of the lip- 
ids, although the exact amount of each has not yet 
been determined with certainty. Protein C, an acyl- 
ated, hydrophobic, a-helical peptide, enhances the 
surface activity of pulmonary surfactant lipids 
(Nag et al. 1996). In humans, the amount of satu- 
rated phosphatidylcholine does not change from in- 
fancy to old age (Rebello et al. 1996). 

Expression of interleukin-4 in nonciliated epi- 
thelial cells in the conducting airways of transgenic 
mice resulted in a 6.5-fold increase in saturated 
phosphatidylcholine, a 15-fold in surfactant pro- 
tein D in the alveolar pool relative to wild type mice 
(Ikegami et al. 2000). 

Surfactant protein A (SP-A) belongs to a sub- 
group of the C-type lectin superfamily, which has 
collagen-like domains and referred to as collectins. 
SP-A inhibits lipid secretion from and augments 
lipid uptake by type II pneumocytes. The mannose- 
binding protein (MBP) A from rat sera that is struc- 
turally analogous to SP-A was not able to regulate 
the uptake and secretion of lipids by type II cells 
(Kuroki et al. 1997). However, three chimeric mol- 
ecules constructed by PCR using the overlapping 
extension method and cDNAs of rat SP-A and rat 
MBP-A and consisting of 

Asn'-Cys 218 of SP-A and Gin 210 - Ala 221 of MBP, 
Asn'-Lys 203 of Sp-A and Cys 195 -Ala 221 of MBP, 
Asn'-Gly 194 of SP-A and Glu 185 -Ala 221 of MBP, 

retained the ability to augment lipid uptake by and 
inhibit lipid secretion from type II pneumocytes. 
SP-A exists as a set of isoforms, which arise by alter- 
nate proteolytic processing, are differentially glyco- 
sylated, and are important for complete disulphide- 
dependent oligomeric assembly (Elhalwagi et al. 
1997). SP-A is expressed in both alveolar type II 
cells and in Clara cells. Feinstein et al. (1997) ana- 
lysed the control of transcription by the rat SP-A 
promoter in two lung cell lines, NCI-H441 (a hu- 
man line thought to derive from a Clara cell) and 
MLE-15 (a mouse line derived from a type II pneu- 
mocyte). Reporter gene constructs carrying SP-A 
promoter deletions joined to the bacterial chloram- 
phenicol acetyl transferase (CAT) gene were trans- 
fected into each of the cell lines. CAT activity was 
assayed 48-72 h after transfection and normalised 
to the activity of a control plasmid. Maximal activ- 
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ity in both cell lines was obtained with a construct 
containing 163 nucleotides upstream of the tran- 
scriptional start. In MLE-15 cells, deletion of the re- 
gion between 163 and 133 nucleotides before the 
transcriptional start (-163 to -133) decreased ex- 
pression of the reporter gene construct by about 
50 %. This region contains several potential binding 
sites for thyroid transcription factor 1 (TTF-1). A 
deletion extending from -163 to -77 did not further 
decrease expression from the levels seen with the 
shorter deletion. In contrast, in NCI-H441 cells, de- 
letion from -163 to -133 did not affect activity but 
deletion from -163 to -77 decreased expression by 
about 50 %. In both cell lines mutation of the nucle- 
otides between -92 and -89, in the context of the 
-163 SP- A/CAT construct, decreased expression by 
about 50 %. Both cell lines contain nuclear proteins 
which bind to an oligonucleotide corresponding to 
the region between -95 and -77. 

There is a significant positive correlation be- 
tween surfactant protein A and Clara cell 10-kDa 
protein values in bronchoalveolar lavage fluids of 
healthy subjects (Shijubo et al. 1998). 

In adult human lungs, only type II pneumocytes 
could be identified as surfactant protein A-positive 
cells within the parenchymal region (Ochs et al. 
2002). SP-A was localized mainly in small vesicles 
and multivesicular bodies close to the apical plasma 
membrane. Only few lamellar bodies were weakly 
labelled at their outer membranes. Stereologic anal- 
ysis showed this weak signal to be due to specific la- 
belling. In the alveolar space, lamellar body-like 
surfactant forms in close proximity to tubular mye- 
lin were labelled for SP-A at their periphery. The 
strongest SP-A labelling was found over tubular 
myelin figures. Labelling for SP-A was also found in 
close association with the surface film and unila- 
mellar vesicles. 

In midtrimester human foetal lung explants 
treatment with antisense epidermal growth factor 
receptor oligonucleotide (15-90 /tM) decreased 
both surfactant protein A mRNA and protein com- 
pared with controls with no effect in the sense con- 
dition (Klein et al. 2000). The oligonucleotides did 
not affect tissue viability as measured by the release 
of lactate dehydrogenase. 

SP-A inhibited production of NO and iNOS in 
isolated rat alveolar macrophages stimulated with 
smooth lipopolysaccharide, which did not signifi- 
cantly bind SP-A, or rough LPS, which avidly bound 
SP-A (Stamme et al. 2000). In contrast, SP-A en- 
hanced production of NO and iNOS in cells stimu- 
lated with IFN-y or IFN-y plus LPS. Neither SP-A 
nor SP-D affected baseline NO production, and SP-S 
did not significantly affect production of NO in 
cells stimulated with either LPS or IFN-y. 



After internalisation into isolated rat type II 
pneumocytes, SP-A and lipid were taken up via the 
coated-pit pathway and resided in a common com- 
partment, positive for the early endosomal marker 
EEA1 but negative for the lamellar body marker 
3C9 (Wissel et al. 2001). SP-A then recycled rapidly 
to the cell surface via Rab4-associated recycling 
vesicles. Internalised lipid was transported toward a 
Rab7-, CD63-, 3C9-positive compartment, i.e., la- 
mellar bodies. Inhibition of calmodulin led to inhi- 
bition of uptake and transport out of the EEA1- 
positive endosome and thus of resecretion of both 
components. Inhibition of intravesicular acidifica- 
tion (bafilomycin Aj) led to decreased uptake of 
both surfactant components. It inhibited transport 
out of early endosomes for lipid only, not for SP-A. 

Surfactant protein B (SP-B), an 8 kDa hydropho- 
bic protein essential for surfactant function, is pro- 
duced from the intracellular processing of the 381 
amino acid residues, 40 kDa preprotein SP-B within 
the type II pneumocytes. 

Surfactant protein C (SP-C) is synthesised by 
type II pneumocytes as a 21 kDa propeptide which 
is proteolytically processed in subcellular compart- 
ments distal to the trans-Golgi network to yield the 
35 residue mature form. 

Surfactant protein D (SP-D), a hydrophilic glyco- 
protein with a reduced molecular mass of 43 kDa 
appears in sera of healthy adults as a background 
leakage from alveolar space into blood vessels and 
increases in sera from patients with idiopathic pul- 
monary fibrosis, pulmonary alveolar proteinosis, 
and interstitial pneumonia with collagen disease 
(Honda et al. 1995). Studies in respiratory disease- 
free children (Kaneko et al. 1997) revealed that 
change in serum SP-D levels are not age-related and 
not gender-dependent, and that mechanisms of the 
SP-D leakage in healthy adults and children might 
be independent of that of SP-A leakage. SP-D, iso- 
lated from the lavage fluid of silica-treated rats, sig- 
nificantly enhanced the uptake of three of six 
strains of Pseudomonas aeruginosa, an important 
pulmonary pathogen, by rat alveolar macrophages 
as analysed by both fluorescence and electron mi- 
croscopy (Restrepo et al. 1999). SP-D had only 
minimal effects on phagocytosis of Haemophilus in- 
fluenzae. 

Surfactant convertase, a diisopropylfluorophos- 
phate (DFP)-binding and DFP inhibitable carboxyl- 
esterase (Gross et al. 1997) of 70 kDa (reduced), is 
required for conversion of heavy density (tubular 
myelin) to light density (small vesicle) subtypes of 
surfactant. Carboxylesterase ES-2 mRNA was loca- 
lised to type II pneumocytes and alveolar macro- 
phages but not to Clara cells (Clark et al. 1997). 
Lamellar bodies contain both glycosylated (70 kDa) 
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and deglycosilated (60 kDa) forms of convertase 
(Dhand et al. 1997). 

Surfactant protein gene expression as influenced 
by the cytoskeleton was tested in cultured rat alveo- 
lar type II cells by Shannon et al. (1998). Cytocha- 
lasin D, colchicine, or nocodazole did not result in 
dramatic cell shape changes, but ultrastructural ex- 
amination revealed that the cytoplasm of cells 
treated with cytochalasin D was markedly disorga- 
nised; cells treated with colchicine did not exhibit 
such changes. Treatment with any of the three 
drugs resulted in a reduction in surfactant protein 
mRNAs. These decreases were not the result of cell 
toxicity, since overall protein synthesis was unim- 
paired by drug treatment. Washing the cells fol- 
lowed by an additional 2 days of culture resulted in 
an reaccumulation of surfactant protein mRNAs in 
cytochalasin D-treated but not in colchicine-treated 
cells. Washing of nocodazole-treated cultured re- 
sulted in partly recovery. Surfactant protein mRNA 
stability was estimated in the presence or absence 
of cytoskeleton-disrupting drugs. Disruption of ei- 
ther microfilaments or microtubules affected the 
half-lives of mRNAs for SP-A, SP-B, and SP-C. 

It has been suggested that the air/water interface 
of the lung is formed by a monomolecular layer en- 
riched in the saturated phospholipid dipalmitoyl- 
phosphatidylcholine. This layer is thought to be es- 
sential for reducing the surface tension of the alve- 
oli to near zero minimum values during the breath- 
ing cycle (Clement 1977). Employing sensitive real 
time assays, Meyboom et al. (1999) have studied 
the lipid binding characteristics of the surfactant 
protein A phospholipid liposome interaction. From 
the final equilibrium level of the resonant mirror 
binding signal, as apparent dissociation constant of 
ca. K d = 5 fiM is obtained for the complex between 
SP-A and dipalmitoyl-phosphatidylcholine lipo- 
somes. At nanomolar SP-A concentrations, this 
complex is formed with a subsecond (0.3 s) reaction 
time, as measured by light- scattering signals 
evoked by photolysis of caged Ca 2+ . With palmitoy- 
loleoyl-phosphatidylcholine, the complex forma- 
tion proceeds at half the rate, compared to dipal- 
mitoyl-phosphatidylcholine, leading to a lower final 
equilibrium level of SP-A lipid interaction. Disteo- 
roylphosphatidylcholine showed a stronger interac- 
tion than dipalmitoyl-phosphatidylcholine. 

Free radical generation by activated leucocytes 
may promote surfactant dysfunction during acute 
respiratoy distress syndrome. Surfactant incubated 
for 2 h with 0.5 mM FeCl 2 /0.25 mM H 2 0 2 to gener- 
ate oxidised surfactant demonstrated loss of surface 
activity by bubble surfactometry at both 1 and 
5 mg/ml (Mark and Ingenito 1996). Fractions of 
oxidised surfactant combined with normal surfac- 




Fig. 98. Tubular myelin in the alveolar space of a 296 g female 
white rat (No. 3; breeder: Winkelmann Borchen-Kirchbor- 
chen) which inhaled 10 mg powdered aluminium/m 3 4 h per 
day, 5 days per week from August 16 to October 27, 1967 for 
a total of 51 days. Fixed on October 30, 1967 under methitural 
anaesthesia by intratracheal instillation of 2.5 % glutaralde- 
hyde in phosphate buffer (pH 7.4) before opening the thorax. 
Postfixation with 1 % osmium tetroxide in phosphate buffer 
(pH 7.4). Contrasted en bloc for 12 h with 0.5% uranyl ace- 
tate in 70% ethanol. Embedded in a 2:8 mixture of methyl 
and butyl methacrylate. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Plate 18/08. (from Schiller 1971) 

tant 1 : 1 and 1 :5 inhibited surface activity. H 2 0 2 and 
HO' impaired surfactant compressibility at y = 
20 mN/m by a process that may involve lipid perox- 
idation (Lee et al. 1997). 

H 2 0 2 + Fe 2+ — »-HO' + HO - + Fe 3+ [132] 

Caeruloplasmin can remove both hydrogen perox- 
ide and lipid hydroperoxides at physiologically rele- 
vant concentrations of reduced glutathione known 
to be present in lung and lung lining fluid (Park et 
al. 1999). 

Mudway et al. (2001) observed a significant loss 
of ascorbate from proximal (-45.1 %, P <0.01) and 
distal (-11.7%, P <0.05) respiratory tract lining 
fluid in 15 healthy subjects 6 h after a challenge to 
0.2 ppm ozone for 2 h. This was associated with in- 
creased glutathione disulphide (GSSG) in these 
compartments. 

Ozone (0.8 ppm) affected the surface activity of 
surfactant in rats exposed for 2 or 12 h, whereas 
distinct morphological changes in bronchoalveolar 
lavage or in the surfactant subtypes were not ob- 
served (Putman et al. 1997). Adsorption experi- 
ments indicated that bronchoalveolar lavage from 
rats exposed for 12 h to 0 3 remained at lower equi- 
librium surface pressures than lavage from control 
rats. These observations suggest interference of in- 
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flammatory proteins with the surface film. Ex- 
tracted surfactant, containing only lipids and sur- 
factant proteins B and C, had a decreased adsorp- 
tion rate after 0 3 exposure. These results suggest 
that the activity of one or both of the hydrophobic 
surfactant proteins (SP-B and SP-C) was affected by 
0 3 - 

Nitric oxide as supplied by the NO-donor S- 
nitroso-N-acetyl-D, L-penicillamine, protected rat 
alveolar type II cells against nuclear condensation 
and DNA fragmentation induced by stretch (30 % at 
60 cycles per min) as well as by 0.4 M sorbitol (Ed- 
wards et al. 2000). S-Nitroso-N-acetyl-D,L-penicill- 
amine depleted of ’NO had no protective effect, and 
the NO scavenger 2-phenyl-4,4,5,5-tetramethylimi- 
dazoline- 1 -oxyl 3-oxide (0.2 mM) blocked the anti- 
apoptotic effect of S-nitroso-N-acetyl-D, L-penicill- 
amine. Alveolar macrophages isolated from rat lung 
lavage fluid actively synthesised and secreted "NO. 
Using a novel technique in which alveolar macro- 
phages were cocultured with type II pneumocytes 
while adhered to floating membrane rafts, Ed- 
wards et al. (2000) found that "NO released from 
alveolar macrophages was effective in protecting al- 
veolar type II cells from undergoing apoptosis. 

L-Arginine-nitric oxide pathway 

nos +oy 

L-Arginine — »-Nitric oxide('NO) — *- Peroxynitrite (ONOO - ) 

[46] 

Peroxynitrite inhibited the hydrolysis of surfactant 
by C. atrox and porcine pancreatic secretory phos- 
pholipases A 2 in a dose dependent manner via ni- 
tration of essential tyrosine residues (Smith et al. 
1997). 

Peroxynitrite is an isomer of nitrate, but is 
36kcalxmol-l higher in energy (Koppenol et al. 
1992). The half-life of peroxynitrous acid 
(HOONO), which is 7 s at 0°C and 1 s at 37 °C, 
should be long enough to allow the molecule to dif- 
fuse inside the cell and react with DNA. The decom- 
position pathway of HOONO, leading to the forma- 
tion of nitric acid, remains open to debate (Cadet 
et al. 1997). 

Formation and degradation of peroxynitrite 
Oy + 'NO— ► ONOO- (pK a = 6 . 8 ) [133] 

ONOO- + H+— ►ONOOFI [134] 

ONOOFI— ►FiO’ + NOj (20-30% yield), 

NO 3 + H + (rest) [135] 

The surface tension forces of the alveolar lining film 
are reduced when rats breath air contain- 
ing ±70 mg/m 3 of respirable crystalline silica 7h 



daily for 10 days (McDermott et al. 1977), 500 mg/ 
m 3 Al 2 0 3 for 30 min (Rosenberg et al. 1962), or are 
injected intratracheally with saline suspensions of 
powdered anatase, AlOOH, OX 50 Si0 2 (Degussa), 
or Dorentrup quartz < 3 pm (Stalder and Ladani 
1980), respectively. The total amount of lung surfac- 
tant factor phospholipids was increased in female 
Wistar rats inhaling either 20 mg DQ12 silica/m 3 for 
5 h/day on 5 consecutive days or 20 mg DQ12 silica/ 
m 3 for 5h/day on day 1 and 20 mg SiC/m 3 for 5 h/ 
day on the consecutive 4 days (Bruch et al. 1993). 

The natural process of surfactant coating of in- 
haled particles in the alveoli may play a role in their 
phagocytic removal by pulmonary alveolar macro- 
phages. Coating of both freshly ground and stale 
quartz particles with dipalmitoyl lecithin delayed 
the production of a diformazan precipitate from ni- 
troblue tetrazolium by 0 2 "“ produced during their 
ingestion by rat alveolar macrophages in vitro (Ci- 
lento and Georgellis 1991). Both Min-U-Sil and 
kaolin abrogated the release of lactate dehydrogen- 
ase, p-glucuronidase, and [j-N-acetyl glucosamini- 
dase from rat alveolar macrophages and lysis of 
sheep erythrocytes (Wallace jr et al. 1985). 

The presence of porcine surfactant inhibited the 
quartz-induced down-regulation of complement re- 
ceptor type 1 expression on activated human gran- 
ulocytes (Zetterberg et al. 1997). The preincuba- 
tion of granulocytes with surfactant before quartz 
exposure was sufficient to achieve this effect. Com- 
plement receptor type 3 expression was unaffected. 

Chrysotile, as well as chrysotile after S0 2 sorp- 
tion, instilled via the rabbit’s trachea induced an in- 
crease in the unsaturated fatty acid content of lung 
surfactant, which was similar to that observed in 
the respiratory distress syndrome of the new-born, 
and an increase in the protein level of pulmonary 
washings which may be explained by an increase of 
the permeability of the blood-air barrier (Oblin et 
al. 1978). 

Goldenberg et al. (1969), after stimulating sur- 
factant production by giving pilocarpine to 
pathogen-free Wistar rats, found numerous free al- 
veolar macrophages containing material similar to 
that lying free in the lumina. 

Alveolar macrophages isolated by lung lavage of 
male Sprague-Dawley rats bound and degraded sur- 
factant protein D in a time- and temperature de- 
pendent fashion (Dong and Wright 1998). After 
100 min of incubation, the formation of trichloroa- 
cetic acid-soluble degradation products increased 
4-fold in the medium and 30-fold in the cells. The 
degradation of surfactant protein D was via a cell- 
associated process because surfactant protein D was 
not degraded when incubated in medium previ- 
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Fig. 99. A thin layer of surfactant covers both 
non-ciliated (Clara) and ciliated bronchiolar 
epithelial cells. 167 g male Wistar rat (R 21/ 
63) fed 82 mg retinol palmitate (Arovit)/kg 
body weight daily from February 18 to 22, 
1963 by stomach tube. On the 3rd day of the 
experiment the animal was exposed to an 
atmosphere containing 15 mg quartz DQ 12 
(particle size <3 pm) per nr air for 5 h us- 
ing Polley’s dust tunnel. Fixed in alcohol- 
chloroform-glacial acetic acid after Carnoy. 
Paraffin section, unstained, embedded in 
glycerol. Interference contrast FI lOOx/1.36/ 
An alveolar macrophage containing 
(birefringent) quartz particles is being eli- 
minated via the airways 




ously conditioned by alveolar macrophages. Gel au- 
toradiography of cell lysate samples after incuba- 
tion with 125 I-labelled surfactant protein D demon- 
strated an increase in degradation products, further 
confirming the degradation of surfactant protein D 
by alveolar macrophages. The degradation of sur- 
factant protein D was not affected by coincubation 
with surfactant protein A or surfactant-like lipo- 
somes containing either phosphatidylglycerol or 
phosphatidylinsotol. 

Various concentrations of total surfactant iso- 
lated from healthy adult rats suppressed prolifera- 
tion of stimulated lymphocytes by up to 95 % of 
mitogen-stimulated cells alone (Yao et al. 2001). 
Large aggregate subfractions of total surfactant had 



no effect on proliferation, whereas small aggregate 
subfractions significantly enhanced the lymphocyte 
proliferation at lower concentrations (7.8 fig/ml) 
compared to mitogen-stimulated cells alone. 
Higher concentrations (62.5 pg/ml) inhibited lym- 
phocyte proliferation. 

A modified porcine surfactant preparation (Cu- 
rosurf) in vitro diminished the nitroblue tetrazo- 
lium reduction by both live group B streptococci 
and group B streptococci- stimulated polymorpho- 
nuclear leucocytes (Bouhafs et al. 2000). Surfac- 
tant was peroxidised by reactive oxygen species 
from both group B streptococci and group B 
streptococci- stimulated polymorphonuclear leuco- 
cytes in a time-dependent manner. Vitamin E sig- 
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Fig. 100. Portions of two free alveolar macrophages showing 
mature inclusions of osmiophilic surfactant material. Female 
white rat (No. 4; breeder: Winkelmann, Borchen- 

Kirchborchen) which inhaled 10 mg powdered aluminium/m 3 
4 h per day, 5 days per week from August 16 to October 27, 
1967 for a total of 51 days. Fixed on January 15, 1968 under 
methitural anaesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc with 0.5 % uranyl 
acetate in 70 % ethanol. Embedded in a 2 : 8 mixture of methyl 
and butyl methacrylate. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Film 207/84 



nificantly reduced the peroxidation level of surfac- 
tant in both cases. Surfactant peroxidation was as- 
sociated with a reduction in the number of live bac- 
teria. 

Opsonization of inhaled particles by surfactant 
proteins [which are known to have opsonizing 
properties (Van Iwaarden et al. 1991, Mason et al. 
1998)], antioxidants, and serum-derived and other 
locally produced proteins may change the surface- 
charge forces in favour of aggregation. The pro- 
cessed human bronchoalveolar lavage fluid used by 
Kendall et al. (2002) may represent the hypophase 
of lung lining liquid into which the surface surfac- 
tant film has been shown to submerge particles 
<6 fxm (Schurch et al. 1990, 1999). It is suggested 
that when particles reach the hypophase, they are 
then more readily cleared by normal clearance 
mechanisms. This aggregation mechanism is highly 
significant because macrophages do not readily 
phagocytize the smaller agglomerates of 35-nm 
spheres that dominate urban air in developed coun- 
tries (Berube et al. 1999). Epithelial cells have been 
demonstrated to internalise these ultrafine particles 
(Griese and Reinhardt 1998). 

Several reports have suggested the presence of 
surfactant outside the bronchoalveolar tree. Hills 



et al. (1982) found surface active phospholipids on 
the canine pleura and speculated on their role of 
boundary lubricants. However, the demonstration 
of phospholipids is not a surfactant-specific bind- 
ing. Hamm et al. (1991) investigated human pleural 
fluids. Mean surfactant protein A was 700 ng/ml 
(range 280-1750) in transudates and 350 ng/ml 
(150-500) in exudates. These results suggested that 
SP-A in pleural effusions does not originate from 
the alveolar space since increased pleural perme- 
ability should lead to higher SP-A values in exu- 
dates. Transmission electron microscopy of pleural 
tissue demonstrated lamellae bodies characteristic 
of surfactant synthesising cells. Scanning electron 
microscopy showed surfactant-like material on the 
mesothelial surface. 



8.2.4 

Pharmacology 

Phosphatidylcholine exocytosis in cultured type II 
pneumocytes can be stimulated and inhibited by a 
variety of pharmacological agents. Surfactant secre- 
tagogues include agents that act via at least three 
distinct signal-transduction mechanisms (Rooney 
et al. 1994). The signalling mechanisms are activa- 
tion of the adenylate cyclase with formation of ad- 
eonsine 3’,5’-cyclic monophosphate, and activation 
of cAMP-dependent protein kinase, activation of 
protein kinase C either directly or via generation of 
diacylglycerol, and elevation of intracellular Ca 2+ 
and activation of a Ca 2+ /calmodulin-dependent pro- 
tein kinase (Rooney et al. 1994). 

Exposure of type II cells to the secretagogues 
ATP, 12-O-tetradecanoylphorbol- 13-acetate, and 
cAMP resulted in a 1.5- to 2-fold enhancement of 
binding and uptake of the monoclonal antibody 
3C9, which recognises an integral lamellar body- 
limiting membrane protein of 180 kDa (Bates et al. 
2000). Calphostin C inhibited 12-O-tetradecanoyl- 
phorbol-13-acetate-stimulated phospholipid secre- 
tion and also reduced binding and uptake of the 
monoclonal antibody 3C9 by type II cells. 

To follow the retrieval of lamellar body mem- 
brane from the cell surface in rat type II pneumocy- 
tes, Schaller-Bals et al. (2000) instilled the 
monoclonal antibody 3C9 into rat lungs. In vivo it 
was endocytosed by type II cells but not by other 
lung cells. In type II cells that were isolated from rat 
lungs by elastase digestion and cultured on plastic 
for 24 h, Mab 3C9 first bound to the cell surface, 
then was found in endosomes, vesicular structures, 
and multivesicular bodies and, finally, clustered on 
the luminal face of lamellar body membranes. 

Within a few days after an intravenous injection 
of Freund’s complete adjuvant in rabbits, hyperpla- 
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sia of type II alveolar cells is present on the surface 
of the septa in which an inflammatory reaction is 
developing (Gard et al. 1977). Mitosis of type II 
cells is detected 12 h after medication and is com- 
mon over the next 120 h. 

The A549 human lung adenocarcinoma cell line 
may be useful for the studying the metabolic and 
macromolecular processing contributions of alveo- 
lar type II cells to mechanisms of drug delivery at 
the pulmonary epithelium (Foster et al. 1998). It 
grew rapidly and consistently in 150-ml flasks; the 
cells were passaged approximately once a week. The 
monolayers consisted of cuboidal and polygonal 
cells, which appeared closely packed. Confluent 
monolayers were generally formed 3 days postseed- 
ing when plated at 10 5 cell/cm 2 in 12-well plates. 
A549 cells comprising monolayers exhibited a nice 
and uniform distribution of lamellar bodies re- 
vealed through a tannic acid staining procedure 
and transmission electron microscopy. 

Transport measured as 86 Rb and 22 Na uptake in 
A549 cells exposed to normoxia, hyperoxia (30 or 
40 % 0 2 ) ‘ or hypoxia (3 % 0 2 ) together with donors 
of reactive oxygen species and scavengers revealed 
that H 2 0 2 < 1 mM did not affect transport, whereas 
1 ml H 2 0 2 activated 22 Na uptake (+200 %) but inhib- 
ited 86 Rb uptake (-30%) (Heberlein et al. 2000). 
Also hyperoxia, aminotriazole plus menadione, and 
diethyldiathiocarbamate inhibited 86 Rb uptake. N- 
acetyl-L-cysteine, diphenyleniodonium, and tetra- 
methylpiperidine-N-oxyl, used to reduce reactive 
oxygen species, inhibited 86 Rb uptake, thus mimick- 
ing the hypoxic effects, whereas deferoxamine, su- 
peroxide dismutase, and catalase were ineffective. 
Also hypoxic effects on ion transport were not pre- 
vented in the presence of H 2 0 2 , diethyldiathiocar- 
bamate, and N-acetyl-L-cysteine. 

H 2 0 2 (200 or 400 pM for 4 h) inhibited [ 3 H]thy- 
midine incorporation into A549 cells and cell divi- 
sion while inducing a G2/M-predominant growth 
arrest within 24 h (Shenberger et al. 2002). In ad- 
dition H 2 0 2 increased cell size, [ 3 H]leucine incorpo- 
ration/cell, and total cell protein. Although time 
had little effect on eukaryotic translation initiation 
factor 4E and 4E-binding protein 1 expression and 
phosphorylation state of control cells, H 2 0 2 induced 
a 2- to 3-fold increase in eukaryotic translation ini- 
tiation factor 4E and 4E-binding protein 1 expres- 
sion, a 5-fold increase in eukaryotic translation ini- 
tiation factor 4E phosphorylation, and a shift in the 
distribution of 4E-binding protein 1 phosphoryla- 
tion favouring lesser phosphorylated forms. 



8. 2.4.1 
Hormones 

8. 2.4. 1.1 

Neuropeptide Hormones 

[Arg 8 ] -vasopressin stimulated surfactant secretion 
in primary cultures of rat type 2 pneumocytes inde- 
pendently of adenosine 3’,5’-cyclic monophosphate 
(Brown and Wood 1989). A 50% loss of tritiated 
phosphatidylinsositol 4,5-biphosphate (PIP 2 ) oc- 
curred from cells prelabeled with myo[ 3 H] inositol 
within 15 s (Brown and Chen 1990). Consistent 
with vasopressin-induced PIP 2 hydrolysis the two 
breakdown products, 1,2-diacylglycerol and inosi- 
tol 1,4,5-triphosphate, was observed. Vasopressin 
stimulated protein kinase C activity twofold over 
the basal activity of 0.74 + 0.07 nM/min x mg pro- 
tein. The [Arg 8 ] -vasopressin antagonist, 1-deamino- 
8-D-arginine vasopressin, inhibited [Arg 8 ] -vaso- 
pressin activation of protein kinase C. 

8. 2.4. 1.2 
Thyroxine 

Exogenous triiodothyronine administration to 
pregnant rats resulted in a stimulation of surfactant 
system maturation but a paradoxical depression in 
foetal lung antioxidant enzyme development. So- 
senko et al. (1988) adding propylthiouracil (0.01 %) 
to the drinking water of pregnant rats for the final 
7-10 days of gestation thus decreasing foetal T3 se- 
rum levels, on the 21st day of gestation achieved 
significant (P <0.05) increase in superoxide dis- 
mutase and catalase activities/mg DNA, while glu- 
tathione peroxidase (EC 1.11.1.9) activity was sig- 
nificantly (P < 0.05) decreased. 

In 7 non-surviving AIDS patients with Pneumo- 
cystis carinii pneumonia triiodothyronine levels 
were markedly (P <0.001) lower compared to 19 
survivors (Fried et al. 1988). 

8. 2.4. 1.3 
Dexamethasone 

Glucocorticoids regulate the major surfactant- 
associated protein SP-A in a biphasic fashion, i.e., at 
nanomolar concentrations, SP-A mRNA is in- 
creased in the foetal lung, while at higher concen- 
trations and after prolonged exposure, a decrease is 
observed (Liley et al. 1988, Odom et al. 1988). This 
was explained on the molecular level by an increase 
in SP-A gene transcription at low glucocorticoid 
concentrations that is overcome by a reduction in 
mRNA stability at higher glucocorticoid concentra- 
tions (Boggaram et al. 1989, 1991). Transcriptional 
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Fig. 101. Pneumocyte type II from a female white rat 
(breeder: Winkelmann, Borchen-Kirchborchen) treated with 
subcutaneous injection of 12.5 /rg thyroxine per kg body 
weight x day, 5 days per week from April 12 to June 20, 1967. 
Fixed under methitural anaesthesia by intratracheal injection 
of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % osmium tetroxide 
in phosphate buffer (pH 7.4). Contrasted en bloc with 0.5 % 
uranyl acetate in 70% ethanol. Embedded in Epon 812 and 
sectioned at 50 nm. Lead citrate. Plate 3603 

induction of the SP-A gene by glucocorticoids 
might further be influenced by cAMP, which also 
stimulates SP-A gene activity (Alcorn et al. 1993). 
O’Reilly et al. (1991) reported an enhancing effect 
of glucocorticoids on pulmonary SP-B and SP-C 
gene transcription. The biosynthesis of the major 
lipid component of surfactant, phosphatidylcholine, 
is also stimulated by dexamethasone via activation 
of choline phosphate cytidyltransferase. Dexameth- 
asone (10' 5 M) after 48 h of incubation increased 
Na,K-ATPase a t mRNA levels in a rat lung foetal 
day 18 type II cell line 4.6 fold, while (> , mRNA lev- 
els increased 1.6 fold (Chalaka et al. 1996). In hu- 
man A 549 pneumocytes Hart et al. (1996) found a 
four-fold induction of p50 mRNA after 2 h stimula- 
tion with IL-1|3 (1 ng/ml) and a lesser induction by 
TNF-a (1 ng/ml) and phorbol-myristate-acetate 
(0.1 fiM). Pre-treatment for 1 h with dexametha- 
sone (1 iiM) followed by IL-1|3 stimulation resulted 
in a 2 fold reduction in p50 mRNA. IL-1|3, TNF-a 
and phorbol-myristate-acetate produced a lesser in- 
duction of p65 mRNA with the addition of dexa- 



methasone having little effect. IL-1|3 produced a 7 
fold increase in IxBa mRNA within 1-2 h and a 
similar effect was seen with IL-1|3 plus dexametha- 
sone. Dexamethasone alone produced a 2 fold, 
more gradual increase in IxBa mRNA. Following 
1 h pre-treatment with dexamthasone, a 20 % re- 
duction in IL- 1 (3 induced NF-xB DNA binding ac- 
tivity occurred. However, the long term effect of 
dexamethasone was to increase mRNA expression 
of the inhibitory protein IxBa as well as decreasing 
expression of p50 and possibly of p65 and also in- 
creasing the ratio of transcriptionally inactive p50 
to p65 monomers. 

In a mouse lung epithelial cell line, dexametha- 
sone decreased retinoic acid receptor- (3 and surfac- 
tant protein C expression to 75 and 70 % of the con- 
trol values, respectively, with greatest effects at 48 h 
and at 10' 7 M (Grummer and Zachman 1998). 
There was no effect of dexamethasone on either re- 
tinoic acid receptor- (3 or surfactant protein C 
mRNA disappearance with actinomycin D. How- 
ever, cycloheximide prevented the effect of dexa- 
methasone. Despite dexamethasone, retinoic acid 
increased both retinoic acid receptor-|3 and surfac- 
tant protein C mRNA. 

8. 2.4. 1.4 

1a,25-Dihydroxy Vitamin D 3 

la, 25-Dihydroxy vitamin D 3 may be involved in the 
control of lung maturation by inducing surfactant 
synthesis and secretion (Marin et al. 1989). Analy- 
sis of semi-thin sections of foetal (18 days of gesta- 
tion) rat lung tissue explanted with 1 nM la, 25- 
dihydroxy vitamin D 3 increased the amount of ex- 
tracellular surfactant by about 170%, expressed as 
percent of the surface area of the air spaces. In vitro 
la, 25-dihydroxy vitamin D 3 modulated the prolifer- 
ation of adult alveolar type II cells (Edelson et al. 
1994). 

8.2.4. 2 

(3-Adrenergic Agonists 

Type II pneumocytes isolated from the lungs of 
male rats by treatment with elastase, discontinuous 
density centrifugation, and adherence in primary 
culture, after (3-adrenergic stimulation (10 uM l- 
epinephrine, L-isoprenaline, DL-terbutaline, respec- 
tively) released significantly increased quantities of 
[ 14 C]disaturated phosphatidylcholine, the major 
component of surface-active material (Dobbs and 
Mason 1979). 

In mice, targeted transgenic expression of human 
(3 2 -adrenergic receptors to type II cells increased al- 
veolar fluid clearance (McGraw et al. 2001). 
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8. 2.4. 2.1 
Isoprenaline 

The release of [ 14 C]disaturated phosphatidylcholine 
by rat type II pneumocytes cultured in the presence 
of 10 pM L-isoprenaline was 300 ±20% as com- 
pared with the controls (Dobbs and Mason 1979). 



8. 2.4. 2. 2 
Salbutamol 

Salbutamol (1.5 pM) significantly ( P <0.001) in- 
creased disaturated phospholipids in isolated rat 
lungs perfused for 30 min (Barr et al. 1988). 



8. 2.4. 2. 3 
Salmeterol 

Salmeterol is a highly selective, > 5 h acting |3 2 ad- 
renergic agonist (Johnson 1990) which binds to an 
exosite domain of the |3 2 receptor. Salmeterol stimu- 
lated adult type II pneumocytes incubated for 
20-22 h with 2 pC [ 3 H]choline/ml and placed in 
fresh media to increase phosphatidylcholine secre- 
tion in a concentration dependent manner (Kumar 
et al. 1996). The maximum effective concentration 
was 30 nM, which resulted in a maximal stimula- 
tion of 75.4 % above control. The effective concen- 
tration which yields 50% of maximal stimulation, 
EC 50 was 8.1 nM. 



8.2.4. 2.4 
Orciprenaline 

Due to the meta-position of the phenolic hydroxyl 
groups orciprenaline and terbutaline (formula 
[108]), in contrast to isoprenaline, are not sub- 
strates for catechol- O-methyltransferase. Compar- 
ing the concentrations measured by Dengler and 



Hengstmann (1976) after oral administration of 
3 H-orciprenaline and the effect of bronchiolar resis- 
tance determined by Ulmer et al. (1968) and Bav- 
ing and Ulmer (1970), the therapeutic plasma lev- 
els of the (3-receptor stimulating agent might be in 
the order of 0.5-5 ng/ml. 



8.2.4. 2. 5 
Terbutaline 
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Terbutaline (10' 4 M) after 2 days significantly 
(P<0.05) increased the expression of a-rENaC 
mRNA in rat alveolar type II cells isolated by elas- 
tase digestion, purified by a differential adherence 
technique, and cultured in minimum essential me- 
dium containing 10% foetal bovine serum (Mina- 
kata et al. 1996). Rat type II cells plated on Trans- 
well membrane (but not on plastic dishes) incu- 
bated with 10“ 4 M terbutaline showed an increased 
binding of surfactant protein A (Chen et al. 1996). 
10' 4 M terbutaline increased Na + -K + -ATPase activ- 
ity in cultured rat alveolar type II cells in an expo- 
sure time-dependent manner over 7 days in culture 
(Minakata et al. 1998). 



8. 2.4. 3 

Cholinergic Agonists 

A significant age-related decrease in the density of 
muscarinic acetylcholine receptors was observed on 
membranes of guinea-pig lungs dissected free of 
large vessels and bronchi (Suzuki et al. 1985). 



Table 25. Muscarinic acetylcholine receptors in the lungs of male guinea-pigs in relation to age (from Suzuki et al. 1985) 



Age 


Body weight 
[g] 


[ 3 H]-Quinuclidinyl benzilate bound 
[fmol/mg protein] 


Dissociation constant Number of animals 
[nM] 


2 weeks 


140- 160 


67.6±6.0 a,b,c 


0.345 ±0.029 


6 


4 weeks 


230- 320 


68.0 ± 9. 9 d 


0.348 ±0.023 


7 


2 months 


390- 450 


59.1 ±4.7 e 


0.319±0.015 


7 


3 months 


510- 610 


57.6±7.0 d 


0.315±0.021 


6 


6 months 


720- 960 


48.6 ± 2.3 d 


0.303±0.016 


6 


1 year 


980-1120 


49.9±1.4 d 


0.310±0.015 


7 


2 years 


1060-1260 


39.9±2.9 


0.301 ±0.039 


5 



a P <0,02: different compared with 6 -month-old group. 
b P < 0,02 : different compared with 1 -year-old group. 
c P <0,005: different compared with 2-year-old group. 
d P < 0,05 : different compared with 2-year-old group. 

‘ P <0,02: different compared with 2-year-old group. 
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8. 2.4. 3.1 
Pilocarpine 

Preformed osmiophilic inclusions were extruded by 
type II pneumocytes of adult pathogen-free Wistar 
rats, and myelin figures were present in the alveoli 
as early as 30 min after giving 150 mg pilocarpine 
per kg body weight subcutaneously (Goldenberg 
et al. 1969). Simultaneously and thereafter, the cells 
displayed prominently dilated endoplasmic cister- 
nae and developed many multivesicular bodies in 
their basal poles. These bodies increased in osmio- 
philia and size during their migration apically. 
After 2 to 4 h, newly matured inclusions reached 
the cell surface and were discharged into alveolar 
lumina by a merocrine process. After the increased 
secretory phase, alveolar cell organelles remained 
quiescent for several hours. Complete cell recovery 
apparently occurred 18 to 21 h after pilocarpine 
injection. 




Pilocarpine [111] 

In the foetal rabbit lung, pilocarpine administered 
subcutaneously to the mother (5 mg/kg) on days 24 
through 27 of gestation, morphometry revealed a 
significant increase in the number of mature type II 
cells, both per unit area and per 1,000 lung cells of 
any kind (Smith et al. 1979). By electron micros- 
copy, the alveolar epithelium demonstrated mor- 



phologic correlates of increased maturation. Type II 
cells contained (as indicated by morphometric 
analysis) more and larger lamellar inclusion bodies, 
as well as more multivesicular bodies than those of 
the controls. Biochemical determination indicated 
that the glycogen content of foetal lung, but not 
liver, was reduced significantly in the pilocarpine- 
treated group. 

8.2.4.4 

Serotonin 

A family of serotonin receptors have been identified 
based operational, structural, and transductional 
data (Julius 1991). Humphrey et al. (1993) speci- 
fied seven classes and at least 10 subtypes. Wang et 
al. (1999) reported expression and localisation of 
the serotonin receptor 2c subtype in Wistar rat alve- 
olar type II cells and the messenger RNA level using 
reverse transcriptase-polymerase chain reaction 
and nonisotopic in situ hybridisation, and at the 
protein level using immunohistochemistry. The ex- 
pression of mRNA signal differed between foetal 
and adult rat type II cells, with weak, predomi- 
nantly perinuclear localisation in the former and 
strong cytoplasmic localisation in the latter. 
Immunocytochemistry, using monoclonal antibody 
against 5-HT 2c -receptor, showed perinuclear loca- 
lisation in foetal type II cells; whereas in adult 
type II cells 5-HT 2c -receptor immunoreactivity was 
confined mostly to the plasmalemma, as demon- 
strated by laser confocal microscopy. 



Fig. 102. Conspicuous dilatation of the rough 
endoplasmic reticulum cisternae in a type II 
pneumocyte of a 228 g female rat (breeder: 
Winkelmann, Borchen-Kirchborchen) 30 min 
after a subcutaneous injection of 1 mg pilo- 
carpine HC1 per kg body weight. Fixed under 
methitural anaesthesia by intratracheal in- 
stillation of 2.5 % glutaraldehyde in phos- 
phate buffer (pH 7.4) before opening the tho- 
rax. Postfixation with 1 % osmium tetroxide 
in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 
70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). 
Plate 26/06 
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Fig. 103. Multivesicular bodies in various 
stages of development 30 min after a subcu- 
taneous injection of 1 mg pilocarpine HC1 
per kg body weight. Lung of a 228 g female 
rat (breeder Winkelmann, Borchen-Kirch- 
borchen) fixed under methitural anaesthesia 
by intratracheal instillation of 2.5 % glutaral- 
dehyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % 
osmium tetroxide in phosphate buffer 
(pH 7.4). Contrasted en bloc for 12 h with 
0.5 % uranyl acetate in 70% ethanol. Embed- 
ded in a 2 : 8 mixture of methyl and butyl 
methacrylate. Sectioned at 50 nm. Lead 
citrate after Reynolds (1963). Plate 26/05. 
Detail from Fig. 102 




8.2.4. 5 
Vitamins 

8. 2.4. 5.1 
Retinoic Acid 

Using a mouse lung epithelial cell line, Grummer 
and Zachman (1998) explored retinoic acid-dexa- 
methasone interactions through the study of re- 
tinoic acid and dexamethasone effects on retinoic 
acid receptor and surfactant protein C mRNA ex- 
pression. Retinoic acid increased expression of re- 
tinoic acid receptor-|3 (5.5 times) and surfactant 
protein C (2 times) mRNA, with maximal effects at 
24 h and at 10“ 6 M. The retinoic acid induction was 
not inhibited by cycloheximide, suggesting retinoic 
acid affects transcription. With addition of actino- 
mycin D, retinoic acid did not affect the disappear- 
ance rate of retinoic acid receptor- (3 mRNA, but 
surfactant protein C mRNA degradation was 
slowed, indicating an effect on surfactant protein C 
mRNA stability. 

8. 2.4. 5. 2 
Tocopherols 

a-Tocopherol is the major component of the to- 
copherols, which constitute vitamin E and is the 
principal lipid-soluble chain-breaking antioxidant 
of human tissues. Freeman and Panus (1988) 
modulated cellular a-tocopherol content by incor- 
porating up to 42 mol % a-tocopherol into the hy- 



drophobic membrane region of water-soluble dipal- 
mitoylphosphatidylcholine liposomes. A 12-fold in- 
crease in a-tocopherol content (0.07 pmol/mg pro- 
tein to 0.86 umol/mg protein) could be induced af- 
ter a 6 h incubation of type II cells isolated from 
rabbit lung with liposomes added to culture me- 
dium. Increases of type II cell a-tocopherol content 
were dependent on incubation time, liposome con- 
centration in media and a-tocopherol concentra- 
tion in liposomes. Importantly, no significant in- 
creases in type II cell a-tocopherol content could be 
detected in cells similarly incubated with albumin 
bound a-tocopherol. 

The measurement of the uptake kinetics indi- 
cated that high-density lipoprotein might be the 
primary source of the vitamin E uptake by type II 
pneumocytes (Kolleck et al. 1999). Vitamin E de- 
pletion of rats caused an increase of vitamin E up- 
take by isolated type II pneumocytes from high- 
density lipoprotein but not from low-density lipo- 
protein or very low-density lipoprotein. Type II 
pneumocytes express the scavenger receptor class B 
type 1 (SR-B1), a high-density lipoprotein-specific 
receptor. Vitamin E depletion caused an increased 
expression of SR-B1 by a post-transcriptional 
mechanism. The increased vitamin E uptake from 
high-density lipoprotein and the increased expres- 
sion of the SR-B1 were reversed by refeeding the 
vitamin. 

Pre-term neonates and neonates in general ex- 
hibit physiological vitamin E deficiency (Kelly et 
al. 1990) and are at increased risk for the develop- 
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ment of acute lung diseases (Haagsman and van 
Golde 1985). Sinha et al. (2002) evaluated the hy- 
pothesis that vitamin E deficiency predisposes alve- 
olar type II cells for apoptosis. In type II pneumo- 
cytes freshly isolated from Wistar rats (body mass 
80 to 90 g) fed the vitamin E deficient diet Altromin 
C1018, the pro-apoptotic Bax increased (70 ±3 ver- 
sus 64 ± 1 in the controls; P < 0.05) which might be 
responsible for the decrease of the mitochodrial 
transmembrane potential (Atj) = 203 ±14 versus 
278 ±28; P <0.05) followed by an increased release 
of cytochrome c into the cytosol (55 ±6.7 ng/10 6 
cells versus 46±4.2ng/10 6 cells in the controls; P 
<0.05). Vitamin E depletion did not change the 
GSH/GSSG ratio and the activities of antioxidant 
enzymes. 

8.2.4. 6 

Benzodiazepine Receptor Agonists 

The binding of [ 3 E1 ]Ro 5-4864 to the benzodiazepine 
receptors of isolated guinea-pig alveolar type II cells 
indicated one population of binding sites with high 
affinity ( K p = 5.7 nM) and saturability (B max = 4.582 
fM/mg membrane protein) (Das et al. 1987). 



8. 2.4. 7 

Protein Synthesis Inhibitors 

8.2.4. 7.1 
Puromycin 

Puromycin, though not a direct inhibitor of peptid- 
yl-transferase, inhibits normal peptide chain elon- 
gation by participating in the peptidyl transferase 
reaction. 

8.2.4. 8 

Hyperlipidemic Agents 

Male rats treated with either clofibrate [2-(p-chloro- 
phenoxy) -2-methyl-propionic acid ethyl ester] or 
nafenopin [2-methyl-2-(p-l,2,3,4-tetrahydro-l-naph- 
thyl)phenoxypropionic acid], two peroxisome pro- 
liferating compounds with potent hypolipidemic 
properties, showed identical structural changes in 
their lungs (Fringes and Reith 1988). 

8.2.4. 8.1 
Clofibrate 

The size of the type II pneumocytes was conspicu- 
ously increased by about 30 % in Lewis rats treated 
with 300 mg clofibrate/kg body weight x day by in- 
traperitoneal injections for 7 days (Fringes and 
Reith 1988). Peroxisomes proliferated and there 
was an increase in the number of surfactant-rich la- 
mellar bodies (Fringes et al. 1988). 



Table 26. Peroxisome proliferators 



Aspirin 

Bezafibrate 1 ’ 

Bifonazole 

BM 15766 

Cetaben 

Ciprofibrate 

Clofibrate 2 * 

Clofibric acid 

CPP 

DEHA 

DEHP 

EHA 

ETYA 

Fenofibrate 3 ’ 
FOE 3798 
Gemfibrozil 4 ’ 
Linolenic acid 
Medica 16 
MEHP 
Nafenopin 
Thyroxine 5 ’ 
Tiadenol 
Tridiphane 
Valproic acid 
Wy- 14643 



acetyl salicylic acid 

2-[p-[2-(p-chlorobenzamido)ethyl]phenoxy]-2-methylpropionic acid 
1 - ( [ 1 , 1 7 -biphenyl] -4 ylphenyl-methyl) 1 H-imidazole 

4- [2-[l-(4-chlorocinnamyl)piperazin-4-yl]ethyl]benzoic acid 
sodium p-hexadecylaminobenzoate 

2-[4-(2,2-dichlorocyclopropyl)phenoxy]methylpropionic acid 

ethyl-a-(p-chlorophenoxyisobutyrate) 

2-(p-chlorophenoxy)-2-methylpropanoic acid 

DL-2-(4-chlorophenoxy)-propionic acid 

diethylhexyl adipic acid ester 

di(2-ethylhexyl)phthalate 

2-ethyl-hexanoic acid 

5,8,1 1,14-eicosatetraynoic acid 

isopropyl[4’(p-chlorobenzoyl)-2-phenoxy-2-methyl]propionate 

5- (2,5-dimethylphenoxy)-2,2-dimethylpentanoic acid 
Octadecatrienoic acid 

HOOC-CH 2 -C(CH 3 ) 2 -(CH 2 ),„-C(CH 3 ) 2 -CH 2 -COOH 

mono(2-ethyl-hexyl)phthalate 

2-methyl-2-[p-(l,2,3,4-tetrahydro-l-naphthyl)phenoxy]propionic acid 

bis(hydroxyethylthio) -1,1 0-decane 
2-(3,5-dichlorophenyl)-2-(2,2,2-trichloroethyl)oxirane 
2-propyl-pentanoic acid 

[4-chloro-6(2,3-xylidino)2-pyrimidinylthio] acetic acid 



') Befibrat Beza-Lande, Cedur, durabezur, Regadrin Sklerofibrat; 2 ) Regelan; 3 ) durafenat, Lipanthyl, Lipidil, Normalip; 4 ) Gevi 
Ion; 5 ) Dynothel 
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0.5 % (w/w) clofibrate in the food for 7 days did 
not have much effect on acyl-CoA oxidase, catalase, 
dihydroxyacetone phosphate (DHAP) acyltransfer- 
ase, and alkyl-DHAP synthase levels in rat type II 
pneumocyte peroxisomes (Ossendorp et al. 1997). 



8. 2.4. 8. 2 
Nafenopin 

The increase in the number of lamellar bodies per 
type II cells was close to 60 % in Wistar rats fed a 
diet containing 0.2 % nafenopin (w/w) for 3 weeks 
(Fringes and Reith 1988). 



8. 2.4. 9 

Expectorants 



8. 2.4. 9.1 
Bromhexine 

A morphometric examination of type II pneumocy- 
tes from rats medicated for 3 days with 200 mg 
bromhexine per kg body weight x day demon- 
strated that the volumetric density of their lamellar 
bodies had increased from 18.0 + 0.9% in the con- 
trols to 20.0 ± 0.6 % in bromhexine-medicated rats 
(Gil and Thurnheer 1971). 



8. 2.4. 9. 2 
Ambroxol 

Ambroxol (2-amino-3,5-dibromo-N-[/ra«s-4-hydro- 
xycyclohexyl]benzylamine) is the metabolite VIII of 
bromhexine. It stimulates the formation and release 
of surfactant by type II pneumocytes (Curti 1972). 
Wistar rats treated with 100 or 200 mg Ambroxol 
per kg body weight x day for 3 or 6 days showed an 
increase in the volume of their type II pneumocytes 
(Cerutti and Kapanci 1979) and increased phos- 
pholipids in this type of cells (Eckert et al. 1983). 
Ultrastructural lesion were absent although, both in 
control and experimental animals, mitochondria 
occasionally contained some myelin figures (Ce- 
rutti and Kapanci 1979). Ziegler and Disse 
(1986) observed a significant (P <0.05) increase in 
phospholipids in type II pneumocytes after intra- 
peritoneal medication of rats with Ambroxol 
(50 mg/kgxday for V/i days). Ambroxol (oral ED 50 
= 17.3 mg/kg) increased the surfactant content in 
the rat pulmonary lavage fluid in a dose dependent 
manner (Engler and Reinhardt 1986). Erokhin 
et al. (1991) used Ambroxol (15 mg/kg x day i.v.) for 
the stimulation of surfactant production in destruc- 
tive pulmonary tuberculosis in rabbits. 

10“ 4 and 10" 3 M Ambroxol significantly increased 
the release of lactate dehydrogenase (EC 1.1.1.27) 



from rat type II pneumocytes in vitro (Wirtz 

2000 ). 

By pulse radiolysis experiments Ambroxol and 
bromhexine were shown to be scavengers of both 
superoxide and hydroxyl radicals (Felix et al. 
1996). The dismutation of superoxide was acceler- 
ated 3-fold by bromhexine and 2.5-fold by Amb- 
roxol over the rate of spontaneous dismutation. The 
reaction constants of hydroxyl radicals with brom- 
hexine and Ambroxol were determined by competi- 
tion kinetics to be 1.58±0.15x 10 10 M _1 s _1 and 
1.04 ±0.1 x 10 10 M _1 s _1 , respectively. 

In ozone-exposed Sprague-Dawley rats, Amb- 
roxol (75 mg/kg i.p.) reduced the significantly in- 
creased expression of surfactant protein A (Clos- 
termann et al. 2000). 

In an in vitro system, Ambroxol inhibited only 
HOC1 (Jaworska et al. 1996). 



8. 2.4. 9. 3 
YM46A 

YM46A, l-(2-dimethylaminoethyl)-l-(3,4,5-trime- 
thoxphenyl)urea is a novel and potent surfactant se- 
cretagogue. Kimoto et al. (1996) examined the mu- 
cociliary transport velocity in guinea pigs exposed 
to S0 2 gas for 5 days by measuring distance of 
movement of mucus mimic containing dye on tra- 
cheal mucosal surface. Normal velocity of 6.3 ± 
0.3 mm/min was depressed to 3.4 ±0.5 mm/min, 
but at an oral dose of 10 mg YM46A/kg returned to 
normal levels. YM46A dose-dependently (10 -5 to 
10" 3 M) increased the release of tritiated phosphati- 
dylcholine from chopped lung of guinea pigs. 



8.2.4.10 

Pentoxifylline 

Pentoxifylline antagonised the inhibition of surfac- 
tant synthesis induced by TNF-a in type II pneu- 
mocytes isolated from human cadaveric multiple 
organ donors and lung-cancer patients (Balibrea- 
Cantero et al. 1994). 
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8.2.4.11 

Cytokines 

Inter feron-Y and/or interleukin- 10 or a combina- 
tion of INF-y and TNF-a induced nitric oxide syn- 
thase in rat type II pneumocytes in vitro-, the pro- 
duction of nitric oxide was inhibited by N°- 
monomethyl-L-arginine in a dose-dependent man- 
ner (Punjabi et al. 1994). 

Nacystelyn, a lysine salt of jV-acetyl-L-cysteine 
augmenting cellular antioxidant defence in vitro 
(Gillissen et al. 1997), abolished the transcrip- 
tional activation of interleukin-8 in an IL-8-chlor- 
amphenicol acetyltransferase reporter system, trans- 
fected into A549 cells (Antonicelli et al. 2002). 



8.2.4.12 

Poly-2-vinylpyridine-1 -oxide 




Poly-2-vinylpyridine-l -oxide Poly-2-vinylpyridine- 

1 -oxide adduct [64] 



type II cells isolated from anaesthetised pathogen- 
free male Sprague-Dawley rats displayed a concen- 
tration (0.01 - 1 jtM ’NO/min and 0.025-2.5 per- 
oxynitrite/min, respectively)-dependent loss of cel- 
lular viability (Gow et al. 1998). 'NO was generated 
by spermine-NONOate and papa-NONOate. "NO- 
mediated cellular injury within type II cells was 
reduced by preincubation with 2 mM N-acetyl- 
cysteine for 1 h to increase the intracellular concen- 
tration of reduced thiol. 



O N— N-C-CN C 78 0652 

X 7 N N CH 3 

s o 

o 2 

, CH 3 

O N— N-C-CN + oy 

\ — 7 iV N ch 3 

s 0 

+ / CH3 

O N=N — C— CN + ’NO 

N / x ch 3 

Formation of both ’NO and 0 2 '“ from sydnonimine meta- 
bolites, e.g. open ring compount C 78-0652 [136] 



8.2.4.13 

Sydnonimines 

1,3-Morpholinosydnonimine (SIN-1) generates 
ONOO“ by releasing 0 2 *~ and *NO essentially in a si- 
multaneous manner. Within 8 h of exposure SIN-1 



8.2.4.14 

Ferritin 

Ferritin is internalised by A549 cells after 30 min in 
a concentration-dependent manner (Foster et al. 
1998). These data agree with observations for pre- 



Fig. 104. Type II pneumocyte of a female 
white rat (breeder: Winkelmann, Borchen- 
Kirchborchen) which inhaled micronized 
solid poly-2-vinylpyridine 1 -oxide passable 
to the alveoli from July 25, 1967 to January 
15, 1968 for 15 min per day, 5 days per week. 
Fixed on January 15, 1968 under methitural 
anaesthesia by intratracheal instillation of 
2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixa- 
tion with 1 % osmium tetroxide in phosphate 
buffer (pH 7.4). Contrasted en bloc for 12 h 
with 0.5 % uranyl acetate in 70 % ethanol. 
Embedded in a 2:8 mixture of methyl and 
butyl methacrylate. Sectioned at 50 nm. Lead 
citrate after Reynolds (1963). Plate 46/11 
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fixed lung tissues of rat type II pneumocytes (Ito et 
al. 1992). Williams (1984) has shown that type II 
cells take up cationized ferritin to a greater extent 
than both neutral and anionic ferritin. This is 
thought to be due to the presence of negatively 
charged domains on the surface of the cell. The ex- 
perimental K m value for the cationized ferritin is 
approximately 60 nM, which is consistent with a 
non-specific absorptive process (Foster et al. 
1998). 

8.2.5 

Toxicology 

Inhaled particulate matter first makes contact with 
lung epithelial lining fluid and possible chemically 
interacts with epithelial lining fluid components. 
Sun et al. (2001) investigated the particulate 
matter-induced oxidation of human bronchoalveo- 
lar lavage fluid and synthetic lung epithelial lining 
fluid by measuring oxygen ( 18 0 2 ) incorporation and 
antioxidant depletion after adding 0-200 Mg/ ml re- 
sidual oil fly ash containing about 10 per cent by 
weight of soluble transition metals. Oxygen incor- 
poration was increased by addition of residual oil 
fly ash and was enhanced by ascorbic acid and mix- 
tures of ascorbic acid and glutathione (GSH). As- 
corbic acid became inhibitory to oxygen incorpora- 
tion when it was present in high enough concentra- 
tions that it was not depleted by residual oil fly ash. 
Physiological and higher concentrations of catalase, 
superoxide dismutase, and glutathione peroxidase 
had no effect of oxygen incorporation. Both protein 
and lipid were found to be targets for oxygen incor- 
poration; however, lipid appeared to be necessary 
for protein oxygen incorporation to occur. 

Morphological studies have described qualita- 
tively that lung epithelial cells bind and ingest vari- 
ous types of particulates, albeit less avidly than the 
alveolar macrophages. In vitro studies showed that 
the human alveolar epithelial cell line A549 can 
bind and ingest asbestos fibres (Rosenthal et al. 
1994). Stringer et al. (1996) quantified the 
particle-specific binding and interleukin-8 produc- 
tion by A549 cells. Right-angle light scatter (for 
technique see Stringer et al. 1994) of A549 cells 
increased when incubated with 40 ,ug Ti0 2 /ml, 
100 ug Fe 2 0 3 /ml, 200 ug a-quartz/ml, or 40 ug con- 
centrated ambient air particulates/ml (fold increase 
above control: 8.1±0.9, 4. 3 + 0. 4, 2±0.1, 1.610.1, 
respectively). Both polyinosinic acid and heparin 
inhibited particle binding, whereas the control 
polyanionic ligand chondroitin sulphate did not. 
The observation that heparin blocks particle bind- 
ing by A549 cells indicated, that the receptors on 
epithelial cells are distinct from the heparin-insen- 



sitive scavenger-like receptor found on alveolar 
macrophages (Kobzik 1995). 

Interleukin-8 secretion from the human alveolar 
epithelial cell line A549 showed that dust samples 
from paper- and mail-sorting plants had a signifi- 
cant lower inflammatory potential as compared 
with dust from plants handling mixed household 
waste (Allermann and Poulsen 2000). No corre- 
lation was observed between the potency factor (IL- 
8 released per mg dust) and the concentration of 
endotoxin in the samples. 

Compared with fractions from phosphate- 
buffered saline-treated particulate air pollutants 
from London and Edinburgh air (1-50 ug/ml) 
which activated NF-xB in A549 cells, fractions from 
particulate air pollutants treated with deferoxamine 
and ferrozine did not stimulate NF-xB activity 
above background levels (Jimenez et al. 2000). Par- 
ticulate matter of an aerodynamic diameter of 
<2.5 ,um inhaled by either C3H/HeJ or C57/BL6 
mice caused significant (P <0.05) increases in 
steady-state mRNA levels of a number of NF-xB- 
associated and/or -regulated genes, including TNF- 
a and -|3, IL-6, IFN-y, and transforming growth fac- 
tor (3 (Shukla et al. 2000). Lung mRNA levels of 
lymphotoxin-() and macrophage migration inhibi- 
tory factor were unchanged. In murine CIO alveolar 
cells exposure to PM 25 at noncytotoxic concentra- 
tions resulted in an increase in transcriptional acti- 
vation of NF-xB-dependent gene expression, which 
was inhibited in the presence of catalase. Early and 
persistent increases in intracellular oxidants, were 
observed in epithelial cells exposed to PM 25 and ul- 
trafine carbon black particles. 

Interactions between alveolar macrophages and 
epithelial cells may promote inflammatory re- 
sponses to air pollution particles. For Ti0 2 (~ 1 urn 
diameter), a-quartz (~ 1 urn diameter), residual oil 
fly ash, and urban air particles, a dose-dependent 
(0-50 jitg/ml) increase in tumour necrosis factor-a 
and macrophage inflammatory protein-2 release 
was observed in co-cultures of rat alveolar macro- 
phages freshly obtained by bronchoalveolar lavage 
and the rat alveolar type II epithelial cell line RLE/ 
6TN, but not in RLE/6TN or alveolar macrophage 
monocultures (Tao and Kobzik 2002). This 
contact-dependent cytokine potentiation could not 
be blocked with anti-CD18/anti-CD54, arginine- 
glycine-aspartate peptide, or heparin. 

8.2. 5.1 

Inorganic Agents 

Takano et al. (2002) determined the cytotoxicity of 
heavy metals by measuring the lactate dehydrogen- 
ase release and 51 Cr release from lysed rat alveolar 
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type II cells. With respect to the LC 50 values, drug 
concentrations causing a 50 % loss in cell viability, 
the mean value for Hg was 110 ftM, and that of Cd 
was 220 to 250 (iM. Cytotoxicity was graded high 
for Hg and Cd, moderate for Pb and Ni, and negli- 
gible for Mn. Additional morphological observa- 
tions of cell membrane integrity by scanning elec- 
tron microscopy were compatible with the results of 
biochemical measurements. 

8.2.5.1.1 

Cadmium 

Inhalation of cadmium oxide smoke in man has 
been known to produce progressive emphysema 
(Lane and Campbell 1954), a condition which, as 
Macklin (1954) has pointed out, would be ex- 
pected to follow from localised defects in the lung 
lining. 

Exposure of the human cell line A549 to 
1-10 uM CdCl 2 triggered a slight accumulation of 
glutathione, whereas this compound was depleted 
after exposure to concentrations of 25-100 ftM of 
cadmium (Gaubin et al. 2000). treatment of cells 
with 20 or 40 mM N-acetyl-L-cysteine, which traps 
free radicals, was found to increase by 30 % the glu- 
tathione level and to suppress the overexpression of 
stress proteins. 

Isolated rat type II lung cells were more sensitive 
than Clara cells to cadmium-induced apoptosis and 
cell viability (Lig et al. 2002). On exposure to 
10 umol/1 cadmium acetate, the levels of the 
apoptosis-modulating proteins p53 and Bax were 
increased at 2 h and 5-12 h, respectively. The ex- 
pression of p53 preceded the expression of Bax and 
the apoptotic process. The exposure to 10 umol/1 
cadmium acetate did not significantly increase the 
formation of cellular reactive oxygen species. How- 
ever, after the exposure to a high concentration of 
cadmium acetate (100 /rniol/1), a 30% increase of 
the reactive oxygen species level was observed. Cat- 
alase, superoxide dismutase, dimethyl sulphoxide, 
or tetramethylthiourea did not protect against 
cadmium-induced apoptosis. 

Exposure of an immortalised rat type II alveolar 
epithelial cell line to 10 //M CdCl 2 for 24 h caused a 
significant decrease in viability (Timblin et al. 
1998). After 48 h of exposure to 1, 5, or 10 fiM CdCl 2 
a dose-dependent decrease in viability was ob- 
served at all concentrations as determined by try- 
pan blue exclusion and cell counting. Significant in- 
creases in reduced and oxidised glutathione levels 
were observed at 24 and 48 h in rat lung epithelial 
cells exposed to CdCl 2 . Hart et al. (1999) observed 
a maximum level of apoptosis (5-fold higher than 
control) in cultures exposed for 48 h to 20 fiM 



CdCl 2 . Although the mechanisms by which Cd initi- 
ates apoptosis in these cells are presently unknown, 
reactive oxygen species are likely to play a role. 

A well-characterised line of alveolar epithelial 
cells, resembling untransformed type II pneumcy- 
tes (Li et al. 1983) exposed to 10 ^mol/l CdCl 2 
caused time-dependent increases in steady-state 
mRNA levels of the y-glutamylcysteine synthetase 
catalytic (heavy) subunit and of glutathione S- 
transferase (EC 2.5.1.18) isoforms a and jt (Shukla 
et al. 2001). The expression of y-glutamylcysteine 
synthetase was significantly increased as early as 
2 h after addition of cadmium. Maximal induction 
of y-glutamylcysteine synthetase mRNA (~ 4-fold), 
at 8 h, was subsequently followed by increases of y- 
glutamylcysteine synthetase activity/protein and 
glutathione (GSH) levels. Cadmium-induced oxida- 
tive stress, assessed by alterations in GSH homeo- 
stasis and an accelerated rate of intracellular oxi- 
dant production, could constitute early events in 
the signal transduction pathway mediating these re- 
sponses. 

Glutathione S-transferase (EC 2.5.1 .1 8) 

RX + Glutathione — HX + R-S-G [129] 

8.2.5.1.2 

Chromates 

The first observation which aroused the suspicion 
concerning the existence of a cancer hazard to the 
lung in workers exposed to chromates was made in 
1911 and 1912 in two workers engaged in Germany 
in the production of alizarin which required the use 
of chromates as oxidising agents (Pfeil 1935). 
Various concentration of potassium dichromate 
(0-84.57 fiM) added to the Ham’s F12 medium were 
toxic to rat type II pneumocytes in a dose-related 
manner (Popper et al. 1992). Superoxide dismut- 
ase, reduced glutathione (4-8-16 ug/ml), EDTA 
(50-100 ftM), and DMSO (0.1-1-10%) when 
added to the culture medium had no effect on sur- 
vival of pneumocyte colonies, whereas dithiothrei- 
tol (50-100 jiig/ml), desferal (20-100 ftM), butylhy- 
droxytoluene (10-50-100 /uM) and trolox (50-200 
fiM) were effective in preventing dichromate cyto- 
toxicity in a dose dependent manner. 

Using particle-induced X-ray emission analysis 
of individual V79 Chinese hamster lung cells, Dil- 
lon et al. (1998) investigated the permeabilities of 
Cr(V) complexes. The Cr uptake increased in the 
order: [Cr(l,10-phenanthroline) 2 -(H 2 O) 2 ] 3+ < [CrO 
(2-ethyl-2-hydroxybutanoato) 2 ] _ < [CrO(5,6-(4,5-di- 
chlorobenzo) -3,8, 1 1 , 1 3-tetraoxo2,2,9,9-tetramethyl- 
12, 12-diethyl- 1 ,4,7, 1 0-tetraazacyclotridecanate) ] ' 

< [Cr 2 0 7 ] 2 “. Clonal assays showed that Cr(VI) ex- 
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hibited an expectedly higher cytotoxicity than the 
Cr(V) complexes. While the genotoxicities of the 
Cr(V) and Cr(VI) complexes increased according to 
their permeabilities, the genotoxicities of the Cr(V) 
complexes were equal to, if not greater than, that of 
Cr(VI) in terms of the amount of Cr entering the 
cell. 




1,10-Phenanthroline [137] 

The carcinogen Cr(VI) does not significantly react 
with and damage DNA unless it is reduced metabol- 
ically to lower oxidative states. The intermediates of 
Cr(VI) reactions with small molecules and/or en- 
zymes include Cr(V), Cr(IV) and Cr(III), as well as 
oxygen- (Standeven and Wetterhahn 1991), 
sulphur- or carbon-centred (Kadiiska et al. 1994, 
Stearns and Wetterhahn 1994) free radicals. All 
these species can damage DNA, though in different 
ways (Wetterhahn et al. 1989). The genotoxic ef- 
fects include formation of DNA-chromium and 
DNA-radical adducts, DNA interstrand and intrast- 
rand cross-links, DNA stand breaks, and especially 
DNA-protein cross-links (Shi and Dalal 1989, 
1990, Sugiyama et al. 1991). 

2 Cr vl 0 4 2 - + 9 H 2 0 2 + 2 OH- 

— ^2Cr v (0 2 )|-+10H 2 0 + 0 2 [138] 

2 Cr v (0 2 ) 4 3 - — »-2 Cr vl 0 4 - + 2 Oy + 2 ’Oj [139] 

2 H 2 0 2 + 2 Oy — >~2 HO' + 2 OH- + 2 0 2 [140] 

Equation [138] contains both the reduction of 
Cr(VI) by hydrogen peroxide and the ligand re- 
placement of 0 2 “ with 0 2 2 ”. With respect of equation 
[139] Kawanishi et al. (1986) presented some evi- 
dence for the formation of singlet oxygen and also 
considered on the basis of the effect of superoxide 
dismutase that superoxide is generated before the 
formation of hydroxyl radicals. Peters et al. (1972) 
demonstrated that singlet oxygen is generated dur- 
ing the decomposition of potassium tetraperoxy- 
chromate(V) in aqueous solution. The decomposi- 
tion of potassium tetraperoxychromate(V) in aque- 
ous solutions generates a reductant of ferricytoch- 
rome c as well as an oxidant of ferricytochrome c 
(Hodgson and Fridovich 1974). The reductant 
was intercepted by superoxide dismutase, and the 
oxidant was scavenged by azide or histidine. Hodg- 
son and Fridovich (1974) suggested on the basis 
of these data that one 0 2 ‘“ and one '0 2 are released 
during the course of the decompensation of 



Cr v (0 2 ) 4 3 " to Cr0 4 2- . This was confirmed by Peters 
et al. (1975). The same decompensation is consid- 
ered likely to occur in the reaction of sodium chro- 
mate(VI)with H 2 0 2 . Equation [140] represents 
Haber-Weiss reaction that superoxide anion and 
hydrogen peroxide can combine together directly to 
generate the hydroxyl radical. The rate constant of 
this reaction is very small in the absence of matals 
as iron or copper, however. HO' may be formed 
then a chromium(V)-peroxide complex decompses 
into Cr(VI) complex and hydroxyl radical as in the 
Fenton reaction: 

Cr v (0 2 ) 4 ~ + n oy + n H + 

— »-Cr v (0 2 ) 4 ^ n (0)n“ +n HO' + n 0 2 [141] 

Cr v (0 2 ) 4 ~ + H+ — *-Cr vl (0 2 ) 3 (0) 2 - + HO' [142] 

The Fenton catalyst, Fe 2+ reduces chromium(VI) as 
follows: 

Fe 2+ + HCr0 4 + 2 H + -* — -Fe^ + HsCrCX, [143] 

Fe 2+ + H 3 Cr0 4 + H+ Fe 3+ + Cr(VI) [144] 

Iron stimulated the rate of reduction of hexavalent 
chromium by human microsomes (Myers and My- 
ers 1998). The ratio of human microsomal Cr(VI) 
reduction rates under aerobic versus anaerobic con- 
ditions remained fairly constant, regardless of iron 
concentration. Small increases in intracellular iron 
could therefore lead to large increases in the rate 
and extent of microsomal Cr(VI) reduction. Indi- 
viduals that are simultaneously exposed to Cr(VI) 
and to agents that increase intracellular iron could 
therefore be at potentially greater risk for Cr(VI) 
toxicity and carcinogenicity. 

In buffer solutions which were treated to remove 
Fenton-active metal ions as well as in those not fur- 
ther purified, chromate and reduced glutathione 
(GSH) induced similar numbers of single-strand 
breaks in isolated PM2 DNA (Kortenkamp et al. 
1996). Molecular oxygen was found to be essential 
for the formation of single-strand breaks, but Cr(V) 
species arising from chromate/GSH, unless acti- 
vated by oxygen, appeared to be unreactive toward 
DNA. 

The readiness of thiol groups to interact with the 
chromate ion in addition to its strong reducing abil- 
ity was studied with L-cysteine and its ethylester 
derivative, L-cysteine-OEt (Kaiwar and Rao 
(1995). The reductive ability of GSH was about 2.5 
times higher to that of L-cysteine while the reduc- 
tive ability of L-cysteine-OEt was 1.4 times higher 
than that of GSH. Treatment of rat thymocytes with 
the thiol(SH)-blocking agent diethyl maleate caused 
a marked inhibition of chromate uptake in the cells 
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(Debetto et al. 1988), possibly because diethyl ma- 
leate can decrease the rapid intracellular reduction 
of Cr(VI) to Cr(III) by inactivating the SH-groups 
of the anion carrier or by depleting GSH and other 
cellular reductants. Dithiothreitol, when added to 
thymocytes just prior to K 2 51 Cr 2 0 7 , significantly in- 
creased Cr(VI) uptake by the cells, probably by 
maintaining membrane protein thiol groups in 
their reduced state. The capacity of Cr(VI) anion to 
interact directly with SH-groups of the cell mem- 
brane was documented by Polak (1983). 

Models which ascribe the induction of 
chromium-DNA adducts to chromium(V) and the 
generation of oxidative DNA damage including 
single-strand breaks to hydrogen peroxide are over- 
simplistic (Kortenkamp et al. 1996). A combina- 
tion of GSH, molecular oxygen, and chromium(VI) 
can damage DNA via non-Fenton pathways. 

8 . 2 . 5 . 1.3 
Coal 

Primary cultures of rat type II pulmonary epithelial 
cell responded to an exposure to anthracite coal 
dust PSOC 867 (1.65 fim median particle size; 



Primrose Mine) freshly ground in a zirconium ox- 
ide ball mill with increased synthesis of extracellu- 
lar matrix components (Lee and Rannels 1998). 
Elevation of protein synthesis by the dust was fur- 
ther increased by TNF-a and TGF-|3i. 

8 . 2 . 5 . 1.4 
Cobalt 

Cobalt dust inhaled by rats at a concentration of 
2. 12 ±0.55 mg/m 3 for 5 h per day at 4 consecutive 
days induced proliferation of type II cells (Kyono et 
al. 1992). Cobalt dust released lactate dehydrogen- 
ase from freshly isolated rat and human type II 
pneumocytes cultured in vitro for 48 h (Roesems et 
al. 1997). For rat type II cells TD 50 values were 
672 fig (95% C.I. = 264-1706 fig) for pure Co and 
101 fig (95% C.I. = 59-172 ,ug) for Co in Co/WC 
mixture. No toxicity was found in human type II 
pneumocytes for either Co, WC or Co/WC. Since 
WC catalyses the oxidation of Co resulting in the 
production of reactive oxygen species, it appears 
that rat (and possible also human) type II pneumo- 
cytes are more resistant to particle-induced oxida- 
tive stress than rat alveolar macrophages. 




Fig. 105. Lamellar bodies in a type II pneumocyte from a fe- 
male white rat (breeder: Winkelmann, Borchen-Kirchbor- 
chen) which inhaled 10 mg of a powdered cobalt-nickel alloy/ 
m 3 , used in the production of hard metal by Deutsche Edel- 
stahlwerke in Krefeld, 4 h per day, 5 times per week from Oc- 
tober 2-28, 1967 for a total of 19 days. Fixed on October 30, 
1967 under methitural anaesthesia by intratracheal instilla- 



tion of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) 
before opening the thorax. Postfixation with 1 % osmium te- 
troxide in phosphate buffer (pH 7.4). Contrasted en bloc for 
12 h with 0.5% uranyl acetate in 70% ethanol. Embedded in 
a 2 : 8 mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plates 16/05 and 
16/06 



226 Chapter 8 Pneumocytes 



One-electron transfer catalysed by cobalt 

0 2 + Co 2+ Co 3+ - Oj' — OS' + Co 3+ [145] 
Oy + Co 2+ + 2 H+ — H 2 0 2 + Co 3+ [146] 

H 2 0 2 + Co 2+ — *- HO' + H0~ + Co 3+ [147] 

Type II cell noduli of two to nine cell profiles were 
found in all rabbits exposed to 0.6 ±0.5 mg/m 3 Co 2+ 
as CoCl 2 for four months, 5 days/week, and 6 h/d 
(Johansson et al. 1992). The separate cells were of- 
ten enlarged, were filled with lamellar bodies, and 
had dilated endoplasmic reticulum. Immature cells 
were also seen. 

As an early response to (per)oxidative stress, the 
hexose monophosphate shunt was activated in pri- 
mary cultures of rat type II pneumocytes exposed 
to freshly prepared cobalt metal-containing parti- 
cles (Hoet et al. 2002). Maximal stimulation of the 
hexose monophosphate shunt was reached after 
90 min and different concentrations (15, 75, 300 
and 1200 ug/well) dose-dependently showed signif- 
icant increases (2.0 ±1.2, 2.9 ±0.4, 3.3 ±1.6, and 
4.0 ±0.4 fold, respectively). Co 2+ (1 mM CoCl 2 , i.e. 
120 ug/well), however, initially had no influence on 
the activity of the hexose monophosphate shunt, 
but after 4 h of exposure a small, but significant in- 
crease in activity was seen. 

8.2.5.1.5 

Nickel Compounds 



phy of proteins on nitrocellulose membranes. In 
vitro studies showed that commercially purified 
histone Hu and to a considerably lesser extent core 
histones, enhanced the NiCl 2 and H 2 0 2 catalysed 
formation of 7,8-dihydro-8-oxo-2’-deoxyguanosine 
in a reaction containing free deoxyguanosine base. 
Since histone H, is a lysine- and alanine-rich pro- 
tein, the levels of 7,8-dihydro-8-oxo-2’-deoxyguano- 
sine induced by NiCl 2 and H 2 0 2 were studied in the 
presence of these amino acids and found to be en- 
hanced by them. 



OH OH 




Tris[4,5-diamino-6-hydroxy-pyrimidine]-nickel(ll) [148] 

Nickel Ions 

One-electron transfer catalysed by nickel 

0 2 + Ni 2+ Ni 3+ - 0 2 " — »- 0 2 " + Ni 3+ [149] 

Oy + Ni 2+ + 2 H+ — ► H 2 0 2 + Ni 3+ [150] 

H 2 0 2 + Ni 2+ — »- HO' + HO~ + Ni 3+ [151] 



The first indication that an occupational inhalation 
of metallic nickel dust or nickel carbonyl vapours 
might be associated with a cancer hazard to the na- 
sal cavity, paranasal sinuses and lung was contained 
in the Annual Report of the Chief Inspector of Fac- 
tories for the Year 1932, which was published in 
1933. The high incidence of pulmonary cancer in 
Welsh nickel workers was referred to by Baader 
(1937, p. 116). Doll (1958) reported that 35.5 per- 
cent of nickel workers in Wales died of cancer of the 
lung or upper respiratory tissue whereas the inci- 
dence among colliery workers was only 1.5 per cent. 
The relationship between the inhalation of nickel 
and pulmonary cancer in rats induced by heavy 
concentration of nickel carbonyl has been investi- 
gated by Sunderman et al. (1957, 1959), and the 
implication of nickel as a pulmonary carcinogen in 
tobacco smoke by Sunderman and Sunderman 
(1961). Sunderman jr (1963) found Ni in purified 
preparations of ribonucleic acid obtained from the 
livers and lungs of normal rats. At alkaline pH, un- 
der anaerobic conditions, Ni(II) formed complexes 
with pyrimidines (Weiss and Hein 1959). Huang 
et al. (1995) found that Ni 2+ binds to histone H, and 
core histones as determined by 63 Ni autoradiogra- 



After intratracheal instillation in rats, Ni 2+ was car- 
cinogenic in a dose-dependent manner. 

The human alveolar epithelial cell line A549, 
adult rat lung-derived L2 pneumocytes, and embry- 
onic feline lung-derived AK-D cells incubated with 
Ni 2+ at 10' 4 M accumulated nickel in a time-depen- 
dent manner (Saito and Menzel 1986). Some met- 
abolic inhibitors (NaN 3 , NaCN, NaAs0 2 ) reduced 
the accumulation of Ni by up to 74 %. Nickel was 
shown to be distributed to three different compart- 
ments in the cells, i.e., cell membrane, cytoplasm 
and intracellular constituents. These results sug- 
gested that plasmalemma is readily permeable to 
nickel and that nickel-binding sites might exist in 
the pneumocytes examined. 

Mixtures of NiCl 2 and CoCl 2 induced a synergis- 
tic (that is, greater than additive) toxic response in 
cultures of immortalised f£tal rat alveolar epithelial 
type II cells (Cross et al. 2001). 

Nickel Sulphides 

Hildebrand et al. (1990) studied the cytotoxicity, 
biological transformation and interaction with 
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plasma membranes of aNi 3 S 2 and |3NiS on human 
embryonic pulmonary epithelial cells (L132 cell 
line) in culture. pNiS crystals were preferentially 
phagocytized in their original form and then prob- 
ably dissolved in the vacuoles, whereas aNi 3 S 2 was 
transformed in the extracellular space and in the 
phagocytic vacuoles into minute particles (10 nm) 
that were recovered bound to the cell membrane, 
phagocytic vacuoles and lysosomal membranes, re- 
spectively. Energy dispersive spectrometry revealed 
that the particles bound to cell membranes no lon- 
ger contained sulphur but only phosphorus and 
nickel as inorganic compounds. This observation 
suggested the formation of a Ni/P complex with the 
phosphate groups of membranous phospholipids 
and/or phosphotransferring proteins. 

Nickel Carbonyl 

Four days after an intravenous injection in LD 50 
dosage of nickel carbonyl, i.e. 22 mg Ni/kg of body 
weight, to Sprague-Dawley rats, some granular 
pneumocytes were completely roofed by the cyto- 
plasm of membranous pneumocytes, forming “blis- 
ters” which contained accumulations of laminar 
whorls and lattice-works morphologically identical 
to the inclusions of the normal granular pneumocy- 
tes. During the period from two to six days after 
nickel carbonyl, the type II pneumocytes appeared 
to be increased in number. Their nuclei and cyto- 
plasm were enlarged, and the cytoplasm contained 
prominent arrays of rough endoplasmic reticulum. 
Many granular pneumocytes were depleted of their 
lamellar cytoplasmic inclusions. At the height of the 
pathologic response, prominent cisternal structures 
developed in the type II pneumocytes, and type II 
pneumocytes were observed in various stages of de- 
tachment from the alveolar septum (Hackett and 
SUNDERMAN 1968). 

Nickel Oxide and Cadmium Oxide 

In rats instilled intratracheally with 0.5 ml of a sus- 
pension of 1 mg NiO + 0.1 mg CdO one week before, 
the type II pneumocytes showed a fewer number of 
mitochondria of varying shapes, numerous residual 
bodies with distinct membranous whorls, and ex- 
trusion of membranous structures into the alveolar 
lumen (Murthy and Holovack 1991). 

8.2. 5. 1.6 

Nitric Oxide and Peroxynitrite 

A steady-state concentration of ~ 1.5 /rM ‘NO (gen- 
erated from 200 /rM spermine NONOate) inhibited 



active transepithelial sodium absorption in rat 
type II pneumocytes cultured on permeable sup- 
port until they formed confluent monolayers (Guo 
et al. 1997, 1998). Amiloride (10 applied to the 
apical side of the monolayers, completely abolished 
equivalent short-circuit current, suggesting that the 
entry of sodium occurred via amiloride sensitive 
ion channels. When added into both sides of the 
monolayers, it significantly decreased equivalent 
short-circuit current from 8.2 ± 1.0 [lAlcm 2 to 
1.1 ±0.2 jUA/cm 2 and increased transepitheial resis- 
tance from 1.3 ±0.1 k£2.cm 2 to 2.0 ±0.3 k£2.cm 2 . Ox- 
yhaemoglobin (50 /iM) totally blocked the inhibi- 
tory effect of spermine NONOate on the equivalent 
short-circuit current. 

Primary cultured type II pneumocytes isolated 
from specific pathogen-free Sprague-Dawley rats 
exposed to 1,3-morpholinosydnonimine (SIN-1) 
endured cell injury due to the autoxidation of the 
drug and the formation of peroxynitrite (Gow et al. 
1998). Cells loaded with rhodamine 123 one hour 
before exposure reduced the number of cells with 
R-123 fluorescence relative to control, indicating 
depolarisation of intracellular membranes, and in- 
creased the number of cells with YO-PRO fluores- 
cence, indicating loss of membrane integrity. In ad- 
dition, there was an increase in background fluores- 
cence indicative of leakage of R-123 to the medium. 
There was no evidence of loss of cellular viability 
when type II cells were exposed to the decomposed 
donor compound, SIN- 1C. 

8.2.5.1.7 
Nitrous Fumes 

Chronic exposure to as little as 0.5 ppm N0 2 or 
acute exposure to higher concentrations has been 
shown to cause hyperplasia of the type II pneumo- 
cytes (Kleinerman 1970, Yuen and Sherwin 
1971). 

Glutathione S-transferase (EC 2.5.1.18) activity 
in 9000 xg supernatants of lung homogenates de- 
rived from female Sprague-Dawley rats exposed to 
50 ppm NO x continuously for 2 weeks was signifi- 
cantly ( P <0.05) decreased from 28.0 ±7.0 nmol/ 
mg protein to 13.5 ± 1.0 nmol/mg protein (Pool et 
al. 1988). NO x did not markedly affect the enzyme 
leakage from explanted lung cells. 

8.2. 5. 1.8 

Ozone 

Exposure of animals and humans to ozone damages 
the lungs. Although ozone is not a radical itself, it 
can react with a wide variety of organic molecules, 
including membrane lipids, to produce radical spe- 
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cies, and it can thus stimulate lipid peroxidation. 
Sodium oleate cosolubilized with lysozyme in re- 
verse micellar solutions was shown to inhibit the 
ozone-mediated oxidation of tryptophan residues 
in the protein (Uppu and Pryor 1994). 



Ozone degrades under physiological conditions yielding 
the hydroxyl radical 


O3 + h 2 o — 2 oy + 2 H + 


[152] 


oy — *- 0 2 + O" 


[153] 


O3- + H+ — ► 0 2 + HO' 


[154] 


Oy + 2 H+ + e- — *-0 2 + H 2 0 


[155] 


O3-+ oy + 2 H+ — »- o 2 + h 2 o 2 


[156] 



The surface activity of surfactant was affected by 
ozone exposure (0.8 ppm) of rats for 2 or 12 h, 
whereas distinct morphological changes in bron- 
choalveolar lavage or in surfactant subtypes were 
not observed (Putman et al. 1997). Adsorption ex- 
periments indicated that bronchoalveolar lavage 
from rats exposed for 12 h to ozone remained at 
lower equilibrium surface pressures than lavage 
from control rats. 

Exposure of native rat surfactant protein A to 
0.75 ppm ozone led to a dose-related decrease in 
multiple Ca 2+ -dependent functions including phos- 
pholipid binding and aggregation, carbohydrate 
binding and resistance to trypsin cleavage (Con- 
rado and McCormack 1997). 

Ozone inhalation (2 ppm, 3 h) caused a marked 
increase in spontaneous production of nitric oxide 
by type II cells (Punjabi et al. 1994). Cells from 
ozone-treated rats also produced significantly more 
nitric oxide in response to IFN-y alone and in com- 
bination with IL-1|3 or TNF-a than did cells from 
control rats. Northern blot analysis demonstrated 
that both increased spontaneous and IFN-y- 
induced production of nitric oxide by cells from 
ozone-exposed animals was due to an increase in 
inducible NOS mRNA expression. The promoter re- 
gion for nitric oxide synthase gene contains consen- 
sus sequences for NfxB ( ). Treatment of type II 
pneumocytes from both control and ozone (2 ppm, 
2 h) exposed rats with pyrrolidine dithiocarbamate, 
an inhibitor of Nf'/.B activity, suppressed the ability 
of these cells to produce nitric oxide (Heck et al. 
1996). 

8.2.5.1.9 

Plutonium 

In rats, inhaled plutonium caused proliferation, 
desquamation, and clearance of type II epithelial 
cells out to the ciliated bronchioles (Sanders et al. 
1971). In baboons, that were 3-times as sensitive as 



dogs to acute internal irradiation, 239 Pu0 2 aerosol 
inhalation caused type II pneumocyte hyperplasia 
and desquamation (Metivier et al. 1977). 

8.2.5.1.10 
Silicon Compounds 

After exposure to Dorentrup quartz < 3 urn type II 
pneumocytes are increased both in number and se- 
cretory activity (Heppleston 1971, Heppleston 
and Young 1972). 

Subchronic exposure (6 h/d, 5 d/week) of male 
Fischer 344 rats to either 0, 2, 10, or 20 mg Min-U- 
Sil (MMAD 2.5 pm, og 2.05)/m 3 showed only slight 
epithelial proliferation after 13 weeks of exposure, 
while after 26 weeks of exposure frank hyperplasia 
of type II and end-airway epithelia was apparent in 
all treatment groups (Costa and Kutzman 1983). 

Type II pneumocytes isolated 14 d after intratra- 
cheal instillation of 10 mg silica to rats and plated at 
high density (0.5 x 10 6 /cm 2 ) on fibrinogen/collagen 
matrices in Dulbecco’s modified Eagle’s medium 
supplemented with rat serum showed an increased 
DNA synthesis as compared with type II pneumo- 
cytes from saline instilled controls (Baker et al. 
1988). These differences had disappeared by 4 d. 
The rates of [ 14 C] choline incorporation into phos- 
pholipids by hypertrophic and by non-hypertrophic 
cells were similar after 2 and 4 d but were 150% 
faster than by cells from saline control rats at 2 d; 
however, no differences in the rates of incorpora- 
tion of [ 3 H]palmitate were found between the 
groups. 

Type II cell hyperplasia occurred after intratra- 
cheal instillation of quartz to F344 rats at 2.0 mg 
and 20 mg, but not at 0.2 mg (Driscoll et al. 
1996). HPRT mutant frequencies determined 3 
months after exposure were significantly increased 
after quartz with 20 ±6, 45 ±5, 56 ±6, and 106 ±15 
mutants/ 10 6 epithelial cells detected for saline, 0.2, 
2.0 and 20 mg quartz treatment groups, respec- 
tively. 

Two populations of type II cells can be isolated 
from the lungs of rats instilled intratracheally with 
10 mg silica suspended in 0.5 ml saline: type IIA, 
similar to normal type II cells, and type IIB which 
are hypertrophic and exhibit increased synthesis of 
surfactant (Rooney and Viviano 1997). After cul- 
turing the cells for 18-20 h, there was a 8- to 10-fold 
increase in surfactant protein A mRNA in type IIA 
and IIB cells 1 day after silica instillation. The in- 
crease diminished with time but was still ~ 4-fold 
after 7 days. SP-B, SP-C, and SP-D mRNA levels in 
type IIA cells were increased 2- to 4-fold on day 3 
but were not significantly increased on days 1 or 7 
or in type IIB cells at any time. 
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A549 pneumocytes cultured in serum free me- 
dium with 1 mg silica particles (particle size 0.5 to 

10 fi m with approximately 80% between 1 to 5 um, 
boiled in 3 % slurry in 1 N HC1 to remove contami- 
nates such as Fe 2 O 3 )/10 7 cells for 7 d showed no sig- 
nificant release of total LDH (i.e. 1.0%) when com- 
pared to A549 pneumocytes cultured in serum free 
medium alone (1.3%) (Rothman et al. 1994). In- 
creasing the silica concentration to 10 mg silica- 
particles/ 10 7 cells had significant toxic effects on 
A549 cells as reflected by a 70% increase in total 
LDH release, above that detected in non silica ex- 
posed cultures. Ultrastructure demonstrated at 
1 mg/10 7 cells that although the cells internalised 
silica particles, there was no evidence of cellular 
toxicity: normal lamellar bodies and microvilli. 
A549 pneumocytes cultured in serum free medium 
produced C3 at a rate of 78.8 ± 29.4 ng C3/ml x 24 h, 
which is similar to the rate of 88.5±41.5ng C3 / 
ml x 24 h determined for A549 cells cultures in se- 
rum free medium plus silica particles. In contrast, 
A549 pneumocytes maintained in medium contain- 
ing FBS and silica particles produced 42.0 + 4.7 ng 
C3/mlx24h, that were significantly ( P <0.01) 
lower absolute amounts of antigenic C3 which re- 
sulted in depressed total accumulated levels during 

11 d in culture, in comparison to A549 cells cul- 
tured without silica (94±23.5ng C3/mlx24h). 
A549 cells cultured in serum free medium plus 
1 mg silica/10 7 cells produced similar levels of abso- 
lute and total accumulated antigenic C5 when com- 
pared to A549 pneumocytes cultured in serum free 
medium without silica. In contrast, A549 pneumo- 
cytes cultured in medium supplemented with 15% 
FBS and silica produced significantly (P <0.02) 
lower levels of antigenic C5 (129 ±1.3 ng/mlx24 h) 
when compared to A549 cell cultured without silica 
particle insult (273 ± 70.2 ng C5/mlx24h). Silica 
particles in WI-38 fibroblast cultures, maintained 
in serum free medium, did not modulate antigenic 
C3 or antigenic C5 levels when compared with WI- 
38 fibroblasts maintained in the absence of silica. 

Although both Dorentrup quartz (7.4 m 2 /g) and 
Ti0 2 (6.6 m 2 /g) were found to cause IxBa degrada- 
tion in A549 cells, only quartz elicited a mild IxBa 
depletion, first appearing at 4 h (Schins et al. 
2000). Up-regulation of IL-8 expression was found 
to persist with quartz only. Cotreatment with pyr- 
rolidine dithiocarbamate (50 uiVI) and curcumin 
(50 ,uM) reduced particle-elicited IL-8 response, 
whereas cycloheximide (25 «g/ml) caused enhance- 
ment of IL-8 mRNA expression in both the quartz- 
and the Ti0 2 -treated cells. 

Prostaglandin E 2 secretion was dose-related in- 
creased when rat type 2 pneumocytes were exposed 
to 50-200 /rg Minusil < 5 qm/ml culture medium 



(Dulbecco’s modified Eagle medium containing 
10% foetal calf serum and 1% antibiotics) as 
shown by radioimmunoassay (Klien and Adam- 
son 1989). 

Transfection of a reporter construct generated 
using the human growth hormone gene and the 0.6 
kb fragment of the rat MIP-2 promoter into the rat 
type II cell line RLE-6TN followed by exposure to 
quartz demonstrated that the 0.6 kb MIP-2 frag- 
ment conferred quartz responsiveness (Discoll et 
al. 1997). Deletion mutant analysis of the 0.6 kb 
fragment demonstrated quartz-induced expression 
depended on a single NFxB consensus binding site 
(GGGGATTTCCC) located 144 bases 5’ of the ATG 
site. No sites 5’ of the xB site appeared to influence 
transcription in response to quartz and loss of this 
site eliminated quartz responsiveness. 

The growth-promoting activity for bronchoalve- 
olar lavage fluids (BALF) was further enhanced in 
silicotic conditions and the difference in growth ac- 
tivity on type II cells between silicotic and control 
BALF from human and sheep origin was very clear 
in the studies presented by Lesur et al. (1992). This 
contrasted with the data of Leslie et al. (1989), who 
also found a stimulatory activity in healthy rat 
BALF, but no additional increase in DNA synthesis 
with BALF from their rat model of silica exposure 
(Panos et al. 1990). 

In the murine alveolar type II cell line, MLE-15, 
the addition of serum to the culture media reduced 
the in vitro cristobalite (particle diameter 
~ 1.2 jtmO-induced chemokine response (i.e., shift 
in the dose-response curve) as specific serum com- 
ponent, apolipoprotein-Al selectively binds to silica 
(Barrett et al. 1999). This serum protein also 
binds to other non-fibrous (Ti0 2 ) and fibrous (as- 
bestos) particles. 

Extracellular reduced glutathione could com- 
pletely attenuate the cristobalite (particle diameter 
~1.2 pm ) -induced expression of monocyte chemo- 
tactic protein- 1 and macrophage inflammatory 
protein-2 mRNAs by a murine alveolar type II line, 
whereas TNF-a mRNA levels were unaltered (Bar- 
rett et al. 1999). Using the oxidant sensitive dye, 6- 
carboxyl-2’7’-dichlorodihydrofluorescein diacetate 
di(acetoxymethyl ester) treatment of this cell line 
with cristobalite (18 ug/cm 2 = 100 ug/ml) and TNF- 
a (1 ng/ml) resulted in the production of reactive 
oxygen species, which could be inhibited with ex- 
tracellular GSH treatment. In the case of cristo- 
balite-induced reactive oxygen species, inhibition 
was also achieved with an anti-TNF-a antibody. 

The volume of the epithelial compartment of the 
rat lung doubled after three months of inhalation 
exposure to either short-range or intermediate- 
range chrysotile asbestos fibres (Crapo et al. 



230 Chapter 8 Pneumocytes 



1980). In the animals exposed to the short-range fi- 
bres, the volume of the epithelium did not change 
significantly between three months and 12 months 
of exposure. In the animals exposed to the 
intermediate-range fibres, the volume of the epithe- 
lium continued to increase (P <0.05), to reach a 
three-fold increase after 12 months of exposure. 
The changes that occurred in the epithelial com- 
partment included increases in the volume of both 
the alveolar type I and type II epithelium. 

After intratracheal instillation of chrysotile as- 
bestos hamster alveolar epithelial cells can trans- 
form into large phagocytic cells which ingest asbes- 
tos fibres and produce asbestos bodies (Suzuki et 
al. 1972). The epithelial cells frequently lose their 
original type I or type II cell structure and change 
into a form intermediate between the epithelial cell 
and the alveolar macrophage. 

Exposure of an immortalised rat type II alveolar 
epithelial cell line to 10 ttg/cm 2 crocidolite asbestos 
fibres for 8 h caused a significant decrease in viabil- 
ity (Timblin et al. 1998). After 24 and 48 h of expo- 
sure to 5 or 10 uM qg/cnr crocidolite a dose- 
dependent decrease in viability was observed at 
both concentrations as determined by trypan blue 
exclusion and cell counting. There were no alter- 
ations in the levels of heat shock proteins HSP72/73 
(constitutive and inducible forms of HSP70, respec- 
tively) in rat lung epithelial cells exposed to crocid- 
olite fibres. 

In living Taricha granulosa (newt) lung epithelial 
cells using high-resolution time lapse video- 
enhanced light microscopy the keratin cage sur- 
rounding the mitotic spindle inhibited fibre migra- 
tion, resulting in spindles with few fibres (Ault et 
al. 1995). As in interphase, fibres displayed 
microtubule-mediated saltatory movements. Fibre 
position was only slightly affected by the ejection 
forced of the spindle asters. Physical forced between 
crocidolite fibres and chromosomes occurred ran- 
domly within the spindle and alongside its edge. 
Crocidolite fibres showed no affinity toward chro- 
matin and most encounters ended with the fibre 
passively yielding to the chromosome. In a few en- 
counters along the spindle edge the chromosome 
yielded to the fibre, which remained stationary as if 
anchored to the keratin cage. 

The vimentin system of the foetal Syrian hamster 
lung epithelial cell line M3E3/C3 collapsed 
completely after crocidolite exposure while a con- 
centration of vimentin could be observd at the sites 
of contact between silicon carbide fibres and the 
cell (Aufderheide et al. 1994). 

Of a panel of mineral fibres causing transloca- 
tion of the transcription factor NF-xB to the nu- 
cleus in A549 lung epithelial cells treated with H 2 0 2 



(1 to 5 mM) for 30 min, 1 h or 2 h, man-made vitre- 
ous fibre (MMVF10) was the most potent of the 
non-pathogenic fibres, causing significant dose- 
dependent nuclear translocation of NF-xB at high 
fibre number (Brown et al. 1999). Using three anti- 
oxidants (50 uM), curcumin, pyrrolidine dithiocar- 
bamate, and Nacystelin (a lysinated form of N- 
acetyl-L-cysteine), translocation caused by carcino- 
genic fibres could be significantly reduced. Cur- 
cumin was significantly effective only for SiC and 
did not significantly reduce the number of posi- 
tively staining cells treated with long fibre amosite 
or refractory ceramic fibre 1. While SiC fibres had 
no free radical activity, the released Fe 3+ from long 
fibre amosite or refractory ceramic fibre 1 and hy- 
droxyl radical generation measured as hydroxylated 
salicylic acid derivative, 2,3-dihydroxybenzoic acid, 
could be inhibited by the iron chelator, desferriox- 
amine-B (Brown et al. 1998). 

8.2.5.1.11 
Tantalum Oxide 

Nemetschek-Gansler et al. (1975) occasionally 
found tantalum oxide dust particles in type II pneu- 
mocytes of rats after an inhalation of 150 mg/m 3 
Ta 2 0 5 for 10 days (10 h/d). 

8.2.5.1.12 
Titanium Dioxide 

After 3 h of Ti0 2 (50 nm diameter) exposure, A549 
cells internalised aggregates of the ultrafine parti- 
cles which were observed in cytosolic, membrane- 
bound vacuoles (Stearns et al. 2001). After 24 h of 
exposure there were considerably more intracellu- 
lar aggregates of membrane-bound particles, and 
aggregated particles were also enmeshed in loosely 
and tightly packed lamellar bodies. Throughout 
24 h of exposure a preponderance of particles re- 
mained associated with the free surface of the cells 
and were not internalised. 

8.2.5.1.13 
Vanadium Oxides 

Vanadium compounds have a toxic effect on pneu- 
mocytes similar to chromates. Although generally 
less soluble the vanadium compounds studies by 
Popper et al. (1992) were ingested or phagocytosed 
by rat pneumocytes II cultured as monolayers in 
Ham’s medium FI 2. V 2 0 5 was the most toxic, while 
V0 2 was the least toxic oxide. Superoxide dismut- 
ase, reduced glutathione, EDTA, and DMSO when 
added to the culture medium had no influence on 
the survival of the cultured pneumocytes, while 
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dithiotreitol, desferal, butylhydroxytoluene and tro- 
lox prevented the cells from the toxicity of vana- 
dium oxides in a dose dependent manner. 

8.2.5.1.14 
Zinc Chloride 

A dose- and time-dependent decrease in cellular 
glutathione (GSH) content and glutathione reduc- 
tase activity were found after incubation of various 
lung cell lines with zinc chloride (Wilhelm et al. 
2001). Changes in glutathione reductase activities 
were earliest affected and were most marked com- 
pared with the other parameters examined. De- 
crease of enzyme activity was not due to a decrease 
in the cosubstrate NADPH. In A549 and L2 cells, 
initial increases in GSH synthesis rates occurred up 
to about 175% of control. Later, GSH synthesis de- 
creased to levels below controls. In 16Lu cells, GSH 
synthesis decreased after 2 h of zinc exposure. Meas- 
urement of adenosine triphosphate content did not 
show any influence of zinc on cellular ATP. Lactate 
dehydrogenase (EC 1.1.1.27) leakage occurred after 
6 h of zinc treatment in the non-malignant cells ex- 
amined, and after 16 h in malignant A649 cells. 

8. 2. 5. 2 

Organic Agents 

8.2.5.2.1 

Amiodarone 

Amiodarone (INN) is a iodinated benzofuran deriv- 
ative, 2-butyl-3-benzofuranyl-[4-(2-diethyl-amino- 
ethoxy)-3,5-diiodophenyl]-ketone, the chemical 
structure of which resembles that of thyroxin (He- 
ger et al. 1981). It was introduced into Belgium, 
France, Germany (Cordarex), the Netherlands, and 
South Africa for use as a coronary vasodilator, but 
proved to be antiarrhythmic (Rosenbaum et al. 
1974, 1976). An attempt to classify amiodarone ac- 
cording to its toxic ability to interfere with the inte- 
grated function of electron transport enzymes (Ri- 
beiro et al. 1997) confirmed the effect of the antiar- 
rhythmic drug on complex I and allowed the place- 
ment of amiodarone in class A of the classification 
established by Knobeloch et al. (1990) i.e. together 
with rotenone, amytal, detergents and solvents. The 
drug itself and its main metabolite, desethylamio- 
darone accumulate in lung (Daniels et al. 1989, 
Reasor et al. 1989), liver (Pirovino et al. 1986) 
and eye (Bahel et al. 1970) cells and within the 
ubiquitous monocyte/macrophage system to inhibit 
the lysosomal phospholipases. Pichler et al. 
(1988) noted that most patients receiving a cumula- 
tive dose of > 100 g amiodarone had side effects 



and that only one patient with an anti-amiodarone 
titre of > 10 density units had no side effect. 

In the rat, amiodarone (175 mg per kg body 
weight x day for 3 weeks) increased the number of 
lamellar bodies in type II pneumocytes (Padmava- 
thy et al. 1993). 

After intratracheal administration of amioda- 
rone (1.83 pmol/day of days 0 and 2) or an equiva- 
lent volume (0.4 ml) of distilled water to male Fi- 
scher 344 rats, Northern and immunoblot analyses 
demonstrated that lung transforming growth factor 
(TGF)-|3l (mRNA and protein) expression was in- 
creased 1.5- to 1.8-fold relative to control during the 
early inflammation period and 1 day, 1 week, and 2 
weeks post amiodarone treatment (Chung et al. 
2001). Lung c -jun protein was increased 3.3-fold 
relative to control. 

8. 2. 5. 2. 2 

Bleomycin 

In 14-day bleomycin (1.5 mg in sterile saline i.p. 
daily) -treated rats (205 ±6 g body weight) type 2 al- 
veolar epithelial cells were swollen with enlarged la- 
mellar inclusion bodies (Karam et al. 1998). Bio- 
chemical study of freshly isolated cells displayed a 
significant decrease of lactate dehydrogenase (EC 
1.1.1.27) released by these cells when isolated from 
14-day-treated rats as compared with 7-day. By con- 
trast, bleomycin induced an increase in superoxide 
dismutase (EC 1.15.1.1) and glutathione peroxidase 
(EC 1.11.1.9) activities. Cell content of glutathione 
was decreased and y-glutamyl transpeptidase activ- 
ity was markedly increased. 

A phase of epithelial cell proliferation, as meas- 
ured by labelled nuclei in autoradiographs, was co- 
incident with peak basement membrane degradative 
activity in Sprague-Dawley rats 2 weeks after intra- 
tracheal bleomycin (Bakowska and Adams 1998). 

Double intratracheal instillation of keratinocyte 
growth (150 Rg/kg) factor at 48 h before and 24 h 
after an instillation of 5 mg bleomycin per kg pre- 
vented bleomycin-induced lung fibrosis in rats (Su- 
gihara et al. 1998), as keratinocyte growth factor 
dramatically increased mRNA for SP-A and SP-B at 
the lowest dose of 1 ng/ml in rat alveolar type II 
cells (Sugihara et al. 1995), which indicates that 
even a small dose of keratinocyte growth factor 
proved a potent growth and differentiation factor 
for type II pneumocytes. 

8.2. 5.2. 3 
Ethanol 

In two alcoholic women aged 64 and 56 years, re- 
spectively, post mortem electron microscopy showed 
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type II pneumocytes containing small cytoplasmic 
vesicles and single large vesicles of neutral lipid and 
a reduced number of lamellar inclusions (Sridhar 
and Ryan 1979). In both patients, extreme hypoxia 
was caused by acute alveolar injury associated with 
the adult respiratory distress syndrome. The lungs 
of six patients with severe alcoholic liver injury and 
steatosis but without acute lung injury revealed no 
pulmonary lipid increase. On the other hand, the 
regenerating epithelial cells in the lungs of many 
non-alcoholics with extreme hypoxia secondary to 
acute alveolar injury have not shown lipid accumu- 
lation (Nash et al. 1974, Bachofen and Weibel 
1977). 

In rats chronically fed ethanol, type II cell mito- 
chondrial GSH was depleted, and tumour necrosis 
factor-a-induced generation of mitochondrial reac- 
tive oxygen species and apoptosis were potentiated 
(Brown et al. 2001). When added to the ethanol 
diet, the GSH precursor (-)-2-oxo-4-thiazolidine- 
carboxylic acid, but not N- acetylcysteine norma- 
lised the type II cell mitochondrial GSH. Likewise, 
(-)-2-oxo-4-thiazolidinecarboxylic but not N-acetyl- 
cysteine normalised TNF-a-induced mitochondrial 
reactive oxygen species and apoptosis. 

8. 2. 5. 2.4 
Tobacco Smoke 

Cigarette smoke contains not only potent carcino- 
gens, such as benzo[ a] pyrene and 4-(methylnitros- 
amino)-l-(3-pyridyl)-l-butanone, but also a large 
number of different oxidants (Pryor et al. 1976). 

In tissue obtained from the central sites of lungs 
from 14 current smokers the mean levels of 8- 
hydroxy-2’-deoxyguanosine were 1.43-fold higher 
than that of nine non-smokers ( P = 0.0262; As ami 
et al. 1997). 

In vitro, both whole and vapour smoke conden- 
sates induced a recoverable, concentration-depend- 
ent increase in human type II alveolar epithelial 
cell (A549 cell line) monolayer permeability to 
125 iodine-labeled bovine serum albumin associated 
with a profound fall in intracellular reduced gluta- 
thione (Donaldson et al. 1994). Overnight incuba- 
tion with 0.5 mM GSH did not enhance intracellular 
GSH content and thus had no protective effect 
against the oxidant-mediated injury of A549 epithe- 
lial cells by cigarette smoke condensate. However, 
increasing intracellular GSH by 0.5 mM gluathione- 
monoethyl ester partially protected cells against the 
effect of smoke. 

When cigarette smoke extract was exposed to air 
before application to A449 cells, the cytotoxic ef- 
fects were attenuated (Hoshino et al. 2001). Ciga- 
rette smoke extract caused cell death without direct 



contact with the cells. Acrolein and hydrogen per- 
oxide, two major volatile factors in cigarette smoke, 
extract caused cell death in a similar manner. Alde- 
hyde dehydrogenase, a scavenger of aldehydes, and 
N-acetylcysteine, a scavenger of oxidants and alde- 
hydes, completely inhibited cigarette smoke 
extract-induced apoptosis. 

After internalis tion into isolated rat type II 
pneumocytes, SP-A and lipid were taken up via the 
coated-pit pathway and resided in a common com- 
partment, positive for the early endosomal marker 
EEA1 but negative for the lamellar body marker 
3C9 (Wissel et al. 2001). SP-A then recycled rapidly 
to the cell surface via Rab4-associated recycling 
vesicles. Internalised lipid was transported toward 
a Rab7-, CD63-, 3C9-positive compartment, i.e., 




Fig. 106. Ribbon-like transformation of the inner membranes 
of the mitochondria in a type II pneumocyte of a female rat 
(breeder: Winkelmann, Borchen-Kirchborchen) which in- 
haled 20 mg shale < 5 /im/m 3 4 hours per day, 5 days per 
week for 4 months. Immediately after each inhalation the ani- 
mal was exposed to cigarette smoke generated by a smoking 
machine after Seehofer et al. (1965; cf. Klosterkotter 
1967, Klosterkotter and Gono 1969, and Klosterkotter 
et al. 1969). Fixed under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in a 2:8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
4074 
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lamellar bodies. Inhibition of calmodulin led to in- 
hibition of uptake and transport out of the EEA1- 
positive endosome and thus of resecretion of both 
components. Inhibition of intravesicular acidifica- 
tion (bafilomycin Ai) led to decreased uptake of 
both surfactant components. It inhibited transport 
out of early endosomes for lipid only, not for SP-A. 

In an in vivo model of pulmonary oxidative stress 
induced by cigarette smoke in mice, Cavarra et al. 
(2001) showed that cigarette smoke caused a signifi- 
cant decrease in total antioxidant capacity in cell- 
free bronchoalveolar lavage fluid and significant 
changes in oxidised glutathione, ascorbic acid, pro- 
tein thiols, and 8-epi-PGF 2a . Intratracheal human re- 
combinant secretory leukoprotease inhibitor signifi- 
cantly increased bronchoalveolar lavage fluid anti- 
tryptic activity. Cigarette smoke induced a 50 % drop 
in the inhibitory activity of human recombinant se- 
cretory leukoprotease inhibitor. Pre-treatment with 
N-acetylcysteine prevented the cigarette smoke- 
induced loss of human recombinant secretory leu- 
koprotease inhibitor activity, the decrease in antioxi- 
dant defences, and the elevation of 8-epi-PGF 2o . 

8. 2. 5. 2. 5 

Cotton Dust 

Cotton mill dust and field dried bract caused signif- 
icant dose and time dependent lysis and detach- 
ment of A549 pneumocytes (Ayars et al. 1984). 
Preparations of cotton mill dust, field dried bract, 
and green bract treated with polyvinylpyrrolidone 
to remove the tannins, did not cause significant ly- 
sis or detachment nor did tannin-free, and tannin 
and terpenoid aldehyde-free cotton mill dust pre- 
pared by organic extraction. In contrast, purified 
tetrahydroflavindiol, condensed tannin from cotton 
mill dust, caused lysis and detachment of pneumo- 
cyte targets at concentration as low as 1 jUg/ml. 
Also, field dried bract and tetrahydroflavindiol 
caused dose dependent inhibition of protein syn- 
thesis. Similar overall results were obtained when 
rat type II pneumocytes were used as targets. 

8.2. 5.2. 6 
Dinitrophenol 

Dinitrophenol is an inhibitor of oxidative phos- 
phorylation. Mitochondria isolated from the lungs 
of rats kept at 85 ± 2 % 0 2 for 7 days, when treated 
with 0.5 mM 2,4-dinitrophenol, in the presence of 
1 mM CN" were maximally uncoupled, since state 
3U respiration in the presence of 2,4-dinitrophenol 
was identical to the mitochondria oxygen consump- 
tion measured after ADP addition when 2,4-dinitro- 
phenol was absent (Freeman and Crapo 1981). 



8. 2. 5. 2. 7 

0,0,5-Trimethyl Phosphothioate 

A single sublethal dose of 40 mg 0,0,S-trimethyl 
thiophosphoate per kg rat dissolved in corn oil and 
given per gavage resulted in hypertrophy and hy- 
perplasia of type II alveolar epithelial cells (Dur- 
ham and Gijbels 1989). On day 10 enlarged cells 
contained a paucity of organelles, except for numer- 
ous glycogen rosettes and polyribosomes, and few 
large osmiophilic lamellar bodies. Numerous cells 
of this type were markedly enlarged and binucle- 
ated. Another, less frequent type II cell variation 
contained numerous organelles and abundant, 
variable-size osmiophilic lamellar bodies. On day 
30 the hypertrophied type II cells contained in- 
creased numbers of osmiophilic lamellar bodies 
that virtually occupied the entire cytoplasmic vol- 
ume, and the frequency of binucleated cells war re- 
duced. At 6 months large type II cells contained in- 
creased numbers of osmiophilic lamellar bodies 
were occasionally observed, and at 1 year these 
changes were less frequent and severe. Mitoses were 
observed at 90 days. 



0,0,5-Trimethyl phosphorothioate [157] 

8. 2. 5. 2. 8 

Uracil Mustard 

Uracil mustard is a potent inducer of lung tumours 
in mice (Abell et al. 1965). Its carcinogenic risk in 
man was evaluated in 1975. 

The biological efficacies of nitrogen mustard and 
its derivatives are closely related to the functional 2- 
chloroethylamine groups, which again depend on 
the basicity of the central nitrogen atom. 

Four hours following an intraperitoneal injection 
of ca. 3 ,uM uracil mustard/kg mouse in 0.1 ml tri- 
caprylin (glyceryl tricaprylate; 1 ml = approx. 
0.95 g) membrane bound intranuclear inclusions 
containing floccular material of moderate electron 
density in an electron lucent background were oc- 
casionally noted in type II pneumocytes (Curry et 
al. 1969). After 4 doses applied three times a week, 
there were a slight increase in rough endoplasmic 
reticulum and an increase in the number of free ri- 
bosomes in some type II pneumocytes. Six weeks 
after commencing injections, when the changes 
mentioned were more pronounced, there was some 
irregular dilatation of the Golgi zone. 
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8. 2. 5. 2.9 

Nitrosourea Compounds 

BCNU long-term therapy (total dose 2760 mg and 
3210 mg, respectively) induced marked hyperplasia 
and hypertrophy of type II pneumocytes (Mitsudo 
et al. 1984). 



tion into lipids was much less sensitive; it even in- 
creased at low paraquat concentrations. At 10 uM 
paraquat both NADPH and ATP were significantly 
decreased. 

8.2.5.2.11 

Streptozotocin 



8.2.5.2.10 

Paraquat 

The lung is a major target organ of paraquat toxic- 
ity (Rose et al. 1974, 1976). Mean specific rates of 
appearance of dipyridylium cation radicals in organ 
homogenates incubated with paraquat, diquat, or 
morfamquat were liver > lung > kidney (Baldwin 
et al. 1975). Berisha et al. (1994) have demon- 
strated that the pulmonary damage due to paraquat 
is attenuated by AT-nitro-L-arginine, and that this 
attenuation is reversed by the NO precursor, l- 
arginine, but not by its enantiomer D-arginine, sug- 
gesting the involvement of ‘NO in the pulmonary 
toxicity of paraquat. 

Berisha et al. (1994) have demonstrated that the 
pulmonary damage due to paraquat is attenuated 
by N" -nitro-L-arginine, and that this attenuation is 
reversed by the NO precursor, L-arginine, but not 
by its enantiomer D-arginine, suggesting the in- 
volvement of ‘NO in the pulmonary toxicity of 
paraquat. 

24 h after subcutaneous injection of 35 mg para- 
quat/kg to female Sprague-Dawley rats mitochon- 
dria of the granular pneumocytes were swollen and 
their lamellae became disrupted while the cyto- 
plasm appeared vacuolated (Modee et al. 1972). 
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[Me- 14 C] Choline incorporation into phosphatidyl- 
cholines was decreased in isolated rat alveolar epi- 
thelial type II cells exposed to paraquat (5-10 «M) 
and hyperoxia (90% 0 2 ) (Haagsman et al. 1987). 
The incorporation of [1- 14 C] acetate into phosphati- 
dylcholines, phosphatidylglycerols and neutral lip- 
ids appeared to be very sensitive to inactivation by 
paraquat. The rate of [l- 14 C]palmitate incorpora- 



Streptozotocin (75 mg per kg body weight i.v.) di- 
lated the granular endoplasmic reticulum of the 
type II pneumocytes of the rat (Plopper and Mo- 
rishige 1978). This ranged in degree from massive 
changes, which occupied large portions of the cell 
cytoplasm to focal dilation associated with normal 
appearing granular endoplasmic reticulum. The 
cisterna of this reticulum was filled with a fine 
granular material, which was lower in electron den- 
sity than the surrounding cytoplasm. Of the 81 
granular pneumocytes examined in diabetic rat 
lungs, 67 had dilated granular endoplasmic reticu- 
lum. No alteration in lamellar body number was 
observed. Therapy with exogenous insulin elimi- 
nated the change, indicating that the massive dila- 
tion in granular endoplasmic reticulum is a direct 
result of insulin deprivation. 

8.3 

Type III Pneumocytes 

8.3.1 

Ultrastructure 

Pneumocytes type III, also called alveolar brush 
cells, have been found by Meyrick and Reid (1968, 
1970), Foliguet and Romanova (1980), and Dor- 
mans (1985) under the TEM and by Hijiya (1978), 
Foliguet and Romanova (1980), and Dormans 
(1983, 1985) under the SEM, respectively. Its free 
edge is restricted by cytoplasmic flanges from adja- 
cent type I pneumocytes. Where the cell abuts 
against a type II pneumocyte the membranes may 
be folded. 150-200 Microvilli protruding into the 
alveolar space are blunt, wide structures approxi- 
mately 0.8- 1.2 /im long and 200 nm wide, contain- 
ing fine filaments extending deep into the cyto- 
plasm. Moreover, bundles of fine filaments have a 
perinuclear orientation over the irregularly shaped 
nucleus located in the basal part of the cell. Numer- 
ous pinocytotic vesicles and mitochondria are obvi- 
ous in the supranuclear part of the cell. Centrioles 
are often seen. Some lysosomes (showing evidence 
of acid phosphatase activity), rough endoplasmic 
reticulum and free ribosomes are present. 13- 
Glycogen is abundant through the cytoplasm, often 
in clumps. 
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8.3.2 

Histochemistry 

Alveolar brush cells are selectively decorated with 
cytokeratin 18- and villin- specific antibodies 
(Hofer and Drenckhahn 1992, Kasper et al. 
1994). 

8.3.3 

Pharmacology 



8.3.4 

Toxicology 
8.3.4. 1 

Pyridinium Compounds 

Paraquat administered to rats by gavage or intrave- 
nously at doses, which were approximately equi- 
toxic (680 fi moles/kg and 65 pmoles/kg respec- 
tively) induced a dilatation of the rough endoplas- 
mic reticulum of the brush cells in the rat’s lung 
(Sykes et al. 1977). 



CHAPTER 9 



Alveolar Macrophages 



The bone marrow origin of the alveolar macroph- 
ages as well as the other cells of the mononuclear 
phagocyte system in the peritoneal and pleural cav- 
ities, the liver (Kupffer cells), the kidney, and other 
organs including the central nervous system (mic- 
roglial cells) has been shown in a large number of 
chimera studies (for review see van Furth 1980). 
The kinetics of mononuclear phagocytes during an 
acute inflammation have been studied in great de- 
tail in animal models, the inflammatory stimulus 
consisting of an intraperitoneal or an intravenous 
injection of new-born calf serum, polystyrene par- 
ticles, or silica and/or other dust particles. Com- 
pared with experiments on alveolar macrophages 
gained by bronchopulmonary lavage these methods 
avoid bacterial or fungal contaminations. Thus 
Munder and Modolell (1987) used only bone 
macrophages to elevate the damaging capacity of 
reactive oxygen species produced during the inter- 
action of airborne dust particles with phagocytic 
cells. Bruckner-Nieder et al. (1992) developed a 
human cell model using HL-60 cells, a promyelo- 
cytic line. These cells can be differentiated by phor- 
bol myristate acetate into non-proliferating macro- 
phage-like cells (HL-60-M). Sikron F600 quartz par- 
ticles were engulfed. At the ultrastructural level, the 
quartz was seen inside phagolysosomes, but the 
morphology of the cell remained normal. During 
the differentiation of HL-60 cells, both an optimal 
concentration of calcitriol (10~ 8 M to 10' 7 M) and of 
ethanol is necessary (Zoller et al. 1996, Zoller 
and Zeller 2000). Differentiation of HL-60 cells in 
the presence of 0.1 % (v/v) ethanol significantly re- 
duced their ability to produce 0 2 *~; an ethanol con- 
centration of 2 % (v/v), on the other hand, was 
toxic. HL-60-G cells exposed to a high concentra- 
tion of calcitriol (400 nM) slowly developed the 
ability to reduce nitroblue tetrazolium and did not 
proliferate (Studzinski et al. 1997). 



9.1 

Electron Microscopy 

All 48 alveolar macrophages that were seen in the 
serially sectioned human alveoli fixed in the in- 
flated state were found within or bordering on alve- 
olar junction zones (Parra et al. 1986). A 
computer-reconstruction showed the predilection 
of alveolar macrophages and type II pneumocytes 
located in septal junction zones. Superposing 
alveolar macrophages and type II cells in such a re- 
construction obliterated almost all gaps in the base- 
ment membranes, except for those produced by po- 
res of Kohn when these were free of cells. 

The size of the alveolar macrophage varies from 
15 pm to 30 pm (Bowden 1971). The cytoplasm is 
faintly basophilic. The nuclei of the smaller cells are 
round but in the larger cells they may be deeply 
indented. Their chromatin is much finer than that 
of the lymphocytes. Nucleoli are inconspicuous. 

The basic ultrastructure of macrophages ob- 
tained from lung, lymph nodes, liver and spleen is 
similar (Karrer 1958). The structural heterogene- 
ity of the alveolar macrophages largely depends on 
the phase of cellular activity and, in particular, on 
the nature and quantity of material engulfed 
(Fig. 108). The cytoplasma contains numerous mi- 
tochondria of the crista type, plenty of endoplasmic 
reticulum, many ribosomes, and polyribosomes 
(Fig. 122). Primary granules, which are generally 
small and round or very elongated (Fig. 107) are 
without a halo. The dense bodies, which are 
bounded by a single unit membrane, do not contain 
any recognisable structures. Myelin and lattice 
forms were phagocytosed from the alveolar lumen 
(Kissler 1983). According to Schaffner et al. 
(1967) they are surfactant, but Adamson and Bow- 
den (1970) objected that the saturated phospholi- 
pids of surfactant cannot be demonstrated by con- 
ventional staining methods. 

Rat alveolar macrophages obtained from unsti- 
mulated lungs by endobronchial lavage showed he- 
terogeneity with respect to cell size (88-20 pm 
diameter), surface morphology and cytochemistry 
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(Holt et al. 1982): the largest cells exhibited surface 
characteristics typical to stimulated macrophages 
(spreading, prominent peripheral lamellopodia 
with short, blunt filopodia protrudes to the substra- 
tum) while the smallest cells more closely resem- 
bled monocytes (poorly spread). Morphometry of 
pulmonary alveolar macrophages in situ and la- 
vaged macrophages revealed significant differences 
in their volume fractions of nucleus, cytoplasm, ec- 
toplasm, mitochondria, lysosome-like structures, 
lipid droplets, vacuoles and phagosomes/autopha- 
gosomes (Lum et al. 1983). 

Microinjection and transfection studies have 
demonstrated that Cdc42 induces the formation of 
filopodia in several mammalian cell types, includ- 
ing fibroblasts and macrophages (Allen et al. 1997, 
Tapon and Hall 1997). 

Lamellipodia are plasma membrane protrusions 
containing a meshwork of actin filaments, and ex- 
tend over the substratum to form new adhesive 
contacts known as focal complexes (Welch et al. 
1997). They are commonly found at the leading 
edge of migrating cells, driving the forward exten- 
sion of cells. On adherent cells, membrane ruffles 
are similar in structure to lamellipodia, but pro- 
trude upwards from the dorsal surface of the cell. 
Both lamellipodium extension and membrane ruf- 
fling involve active actin polymerisation occurring 
adjacent to the plasma membrane. 

Bovine alveolar macrophages cultivated for 20 h 
were heterogeneous, too (Wilczek 1991). While 
freshly isolated cells prepared for electron micros- 
copy varied in size from 8.5 pm to 20 pm with a 
mean of 13 pm, in culture cell diameters were from 
12 pm to 40 pm with a mean of 22 pm (Fox 1973). 



Bielefeldt Ohman and Babiuk (1984) first used 
bovine alveolar macrophages for the in vitro gener- 
ation of superoxide anion and hydrogen peroxide. 
The spontaneous superoxide anion release was very 
high immediately after lavage and became almost 
nil after 20 h, as measured by cytochrome c reduc- 
tion; 20 h after lavage, the electrophoretic profiles 
obtained 3 or 4 subpopulation (Polzer et al. 1991). 

9 . 1.1 

Lysosomes 

For an organelle to be interpreted as a lysosome, at 
least one structural requirement must be met: it 
must have a single limiting membrane with the rel- 
ative large dimensions of the exoplasmic space 
membranes (de Duve 1969). Furthermore, the lim- 
iting membrane is commonly separated from the 
matrix by a clear halo (Daems et al. 1969, Novi- 
koff 1973). 

9 . 1 . 1.1 

Primary Lysosomes 

With certain exceptions, primary lysosomes are 
more difficult to identify than secondary lyso- 
somes. In most cells the primary lysosomes take the 
form of small vesicles deriving from the Golgi re- 
gion (Novikoff 1973, Whaley 1975). The only 
types of cells in which primary lysosomes are found 
in a virgin condition are the granulocytes and 
monocytes. It is of interest to mention here that 
even the group of primary lysosomes is heteroge- 
neous in the sense that - in monocytes - various 
types of primary lysosomes can be distinguished, 



Fig. 107. Elongated primary granule in an 
alveolar macrophage from a ~ 250 g female 
white rat (breeder: Winkelmann, Borchen- 
Kirchborchen). Fixed under methitural an- 
aesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) 
before opening the thorax. Postfixation with 
1 % osmium tetroxide in phosphate buffer 
(pH 7.4). Contrasted en bloc for 12 h with 
0.5 % uranyl acetate in 70 % ethanol. Embed- 
ded in a 2 : 8 mixture of methyl and butyl 
methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Plates 13/11 and 
13/12 




9.1 Electron Microscopy 239 



not only morphologically and cytochemically, but 
also on a functional bases (Daems and Brederoo 
1973, Daems et al. 1973, 1975, Nichols and Bain- 
ton 1975). 

The fate of most, if not all, of the primary gran- 
ules is fusion with phagosomes to form a secondary 
lysosome. 

9.1. 1.2 

Secondary Lysosomes 

9.1. 1.2.1 

Ingestion of Particles 

Alveolar macrophages ingest and remove inhaled 
particulates from the lung (Brain 1986). The up- 
take can be seen easily under the phase contrast mi- 
croscope and documented by time-lapse cinema- 
tography (Schiller 1954). Holm (1972, 1974) and 
Holm and Hammarstrom (1973) devised an in 
vitro system in which haemolysis and phagocytosis 
by human peripheral blood monocytes were quan- 
titated by the release of radioactivity from red 
blood corpuscles labelled with 51 Cr. Goldsmith et 
al. (1997) found a dose-dependent increase in alve- 
olar macrophage-associated right angle light scatter 
after uptake of residual oil fly ash or concentrated 
ambient air particulates. 

Actin polymerisation is necessary for phagocyto- 
sis (Allen and Anderem 1996), and Rac and Cdc42, 
two Rho-related proteins, are required for Fey recep- 
tor mediated phagocytosis (Cox et al. 1997). It is not 
known precisely which stage of phagocytosis in- 
volves Rac and Cdc42, although it is intriguing that 
phosphoinositide 3-kinase has been shown to play a 
role in the final membrane fusion step of phagocyto- 
sis (Araki et al. 1996). Given that phosphoinositide 
3-kinase can act upstream of Rac (Parker 1995), it 
is possible that Rac also plays a role at this stage. In 
contrast to Rac and Cdc42, Rho is required during 
phagocytosis for the initial clustering of Fey recep- 
tors on macrophages (Hackam et al. 1997). 

Rac has been shown to regulate the activity of a 
membrane-associated NADPH oxidase complex 
(Segal and Abo 1993; Bokoch 1995). This multi- 
protein complex derives electrons from NADPH on 
its cytosolic face and pumps them into the lumen of 
phagosomes where they consequently serve to gen- 
erate superoxide anion (0 2 *“) and subsequently hy- 
drogen peroxide (H 2 0 2 ) and hydroxyl radicals 
(H0‘) as well as hypochlorous acid (HOC1). The lat- 
ter compounds represent the killing agents of the 
cell in the fight against phagocytosed material. The 
basic e" transport function of the complex resides 
in the unusual cytochrome h 558 , consisting of two 
subunits gp91 phox and p22 phox , which are ingested 



into the plasma membrane. Proper regulation of the 
complex requires two additional soluble proteins, 
p47 p ox and p67 phox , which, upon activation, are teth- 
ered to the membrane components of the complex. 

In search of a specific effector molecule of Rac in 
the oxidase complex, Diekmann et al. (1994) re- 
vealed p67 phox as a Rac interacting protein. Seas- 
tone et al. (1998) have shown that a phorbol ester- 
binding protein is important for RacC-mediated 
phagocytosis. Phorbol 12-myristate 13-acetate 
stimulated phagocytosis of recombinant Sindbis vi- 
ruses encoding Rab5:WT and increased the number 
and the size of endocytic vesicles, even in the pres- 
ence of Rab5:S34N, a dominant negative mutant of 
the rate-limiting regulator of endosome fusion in 
BHK-21 cell monolayers (Ab allay et al. 1999). Zinc 
depletion with N,N,N’,N , -tetrakis-(2-pyridylmethyl) 
ethylenediamine and addition of calphostin C, an 
inhibitor of protein kinase C that interacts with zinc 
and phorbol ester binding motifs, inhibited both 
basal and Rab5-stimulated fluid phase endocytosis. 
These two reagents also inhibited the size and num- 
ber of endocytotic vesicles promoted by Rab5. 

Phagocytosis and Membranes 

The best-documented way of endocytosis is 
receptor-mediated uptake of ligands via clathrin- 
coated vesicles (reviewed in Schmid 1997). Recep- 
tors are recruited and concentrated into clathrin- 
coated pits at the plasma membrane. After coated 
vesicle formation, the clathrin coat is removed by 
the concerted action of auxilin and heat shock pro- 
tein 70 (Ungewickell et al. 1995). The uncoated 
vesicles fuse with early endosomes in a rab5- 
regulated manner (Rubino et al. 2000). 

In the Chinese hamster ovary cell line ts20, con- 
taining a thermosensitive ubiquitin-activating en- 
zyme, El, Sachse et al. (2002) showed that this coat 
is predominantly present on early endosomes and 
has a characteristic bilayered appearance in the 
electron microscope. The coat contains clathrin 
heavy as well as light chain, but lacks the adaptor 
complexes API, AP2, and AP3, by which it differs 
from clathrin coats on endocytic vesicles and recy- 
cling endosomes. The coat is insensitive to short in- 
cubations with brefeldin A, but disappears in the 
presence of the phosphatidylinositol 3-kinase in- 
hibitor wortmannin. 

A role for scavenger-type receptors in alveolar 
macrophage uptake of components of residual oil 
fly ash or concentrated ambient air particulates was 
identified by marked inhibition of right angle light 
scatter increases in alveolar macrophages pre- 
treated with the specific scavenger-type receptor in- 
hibitor polyinosinic acid (Goldsmith et al. 1997). 
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Phagocytosis and the Golgi Apparatus 

Golgi-specific agents (brefeldin, A1F 4 ', monensin) 
which induce vesiculation all enhanced phagocyto- 
sis of liposomes by rat alveolar macrophages 
(Perry et al. 1996). 

Phagocytosis and Cyclic AMP 

The level of intracellular cyclic nucleotides is a re- 
gulatory factor in a variety of immune processes. 
Increases in intracellular cyclic AMP (cAMP) and / 
or cyclic GMP (cGMP) concentration by the inhibi- 
tion of phosphodieserase have been shown to mo- 
dulate the inflammatory response. 

Phagocytosis of polystyrene latex beads (0.481 
|im diameter) by rabbit alveolar macrophages was 
accompanied by an increase of cAMP, which pre- 
ceded or coincided with the onset of other meta- 
bolic events (Schmidt-Gayk et al. 1975). Dibutyryl 
cAMP, which mimics several action of cAMP, sti- 
mulated oxygen consumption and hexose mono- 
phosphate activity in phagocytosing cells, whereas 
in resting cells no significant change was observed. 

Adenosine triphosphatase (ATPase) was loca- 
lised in the plasmalemma of guinea pig peritoneal 
macrophages (North 1966). Enzymatic activity 
could be removed from the cells by trypsin. While 
scanning electron microscopy of endothelial cells 
monolayers harvested using 0.25 % trypsin or 
0.125 % trypsin + 0.01 % EDTA failed to reveal any 
distinctive differences in their surface morphology 
(Kirkpatrick et al. 1986), bovine alveolar mac- 
rophages showed blebbing (Brehm 1996). 

Intracellular dissolution of a large variety of in- 
haled inorganic particles not readily soluble in the 
pulmonary epithelial lining fluid constitutes an im- 
portant long-term clearance mechanism of the lungs. 
Fluorescence microscope photometry and dual laser 
flow cytometry of intraphagolysosomal pH in canine 
and rat alveolar macrophages were compared using 
fluoresceinisothiocyanate labelled, amorphous silica 
particles (Nyberg et al. 1989, Heilmann et al. 1992). 
The higher intraphagolysosomal pH in rat alveolar 
macrophages correlated with the smaller intracellu- 
lar particle dissolution rate in Wistar rat alveolar 
macrophages when compared with the data in Beagle 
dogs (Kreyling et al. 1992). 

9.1,1 .2.2 

Phagolysosomes 

The distinction between phagosomes and second- 
ary lysosomes cannot always be made with cer- 
tainty. Special difficulties are encountered when a 



distinction of this kind is essential for the under- 
standing of the course of a given process, e.g. an in- 
tracellular parasitism (see Draper and D’Arcy 
Hart 1975). 

Destruction of the Lysosomal Membranes 
by Si0 4 Tetrahedra 

Late cytotoxicity of silica is evidently due to the ca- 
pacity of silica particles after proteins and other 
protective biological material have been removed 
by digestion to interact with, and to make perme- 
able, the membranes surrounding secondary lyso- 
somes (Allison et al. 1966). 

Like other indigestible polymers, polyvinylpyri- 
dine-N-oxide accumulates in secondary lysosomes, 
where it can interact with silanol groups of en- 
closed particles, preventing them from damaging 
the lysosomal membrane. 

9.1. 1.3 

Autophagous Vacuoles 

Autophagy is a widespread phenomenon in the de- 
gradation of cellular components (Dunn 1994). De- 
pending on the mechanism involved, different 
forms of autophagic degradation have been de- 
scribed: crinophagy (Fig. 266) for degradation of 
secretory proteins after fusion of secretory granules 
with lysosomes (Smith and Farquhar 1966, Lenk 
et al. 1991), carrier-mediated proteolysis for the de- 
gradation of cytosolic protein bearing KFERQ se- 
quence as a signal for a lysosomal receptor/trans- 
porter protein (Olson 1989), microautophagy 
where cytosolic domains including ribosomes or 
glycogen are internalised into lysosomes via an 
endocytosis-like process (Marzella and Glau- 
mann 1987), and macroautophagy for degradation 
of cytosolic domains and intracellular membrane 
compartments or specialised regions of the plasma 
membrane (Kovacs and Reith 1982, Elsasser et 
al. 1993). Autophagic vacuoles are dynamic structu- 
res which can be induced by several experimental 
regimen. In experimental silicosis research, Bruch 
(1970) was the first to describe membrane- 
organelles in pulmonary histiocytes that were pha- 
gocytizing DQ12 quartz particles. Schiller (1980, 
1993) found such structures both in unmedicated 
rats (Figs. 109, 110) and macrophages stimulated 
with particulate matter or methylcellulose 
(Figs. 161, 162) or activated with complete Freund’s 
adjuvant. 

Structure, function and turnover of autophagic 
vacuoles have been studied biochemically after en- 
richment of the organelles by cell fractionation 
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techniques (Marzella et al. 1982, Fellinger and 
Rez 1990), or by ultrastructural methods (Furuno 
et al. 1990, Tooze et al. 1990). Yokota et al. (1995) 
described the formation of autophagosomes during 
the degradation of excess peroxisomes induced by 
di-(2-ethylhexyl)-phthalate, a peroxisome prolifer- 
ator. 

Within 24 h of exposure to cholesterol oxidation 
products (28 and 56 uM), J774 cells suffered lyso- 
somal destabilisation, release to the cytosol of the 
lysosomal marker-enzyme cathepsin D (EC 
3.4.23.5), apoptosis, and postapoptotic necrosis 
(Yuan et al. 2000). Enhanced autophagocytosis and 
chromatin margination was found 12 h after the ex- 
posure to cholesterol oxidation products, whereas 
apoptosis and postapoptotic necrosis were pro- 
nounced 24 and 48 h after the exposure. Some lyso- 
somal vacuoles were then filled with degraded cel- 
lular organelles, indicating phagocytosis of apop- 
totic bodies by surviving cells. Because caspase-3 
activation was detected in the cells exposed to cho- 
lesterol oxidation products, lysosomal destabilisa- 
tion may associate with the leakage of lysosomal 




Fig. 108. Cytosegresomes in an alveolar macrophage (block 
4424) from an unmedicated 235 g Sprague-Dawley rat (Char- 
les River, France). On July 25, 1978 under pentobarbital an- 
aesthesia (30 mg/kg), the animal was perfused from the ab- 
dominal aorta with 2.5 % glutaraldehyde in 0. 1 M sodium ca- 
codylate buffer (pH 7.4). Postfixation with 1 % osmium te- 
troxide in sodium cacodylate buffer. Embedded in Epon 812 
and sectioned at 50 nm. Lead citrate and uranyl acetate. 
Plates 4199 and 4200 




Fig. 109. Phagophore in a mesenteric lymph node macro- 
phage (block 4421) from an unmedicated 240 g Sprague- 
Dawley rat (Charles River, France). Under pentobarbital an- 
aesthesia (30 mg/kg), the animal was perfused from the ab- 
dominal aorta with 2.5 % glutaraldehyde in 0. 1 M sodium ca- 
codylate buffer (pH 7.4). Postfixation with 1 % osmium te- 
troxide in sodium cacodylate buffer. Embedded in Epon 812 
and sectioned at 50 nm. Stained with lead citrate and uranyl 
acetate. Plate 4197 

enzymes, and activation of the caspase cascade. 
Manganese superoxide dismutase mRNA levels 
were markedly increased after 24 h of exposure to 
cholesterol oxidation products, suggesting associate 
induction of mitochondrial protection or turnover. 

Barth et al. (2001) identified AUT10 as a novel 
gene required for both the cytoplasm to vacuole 
targeting of proaminopeptidase I and starvation- 
induced autophagy. 

9.1.2 

Peroxisomes 

Peroxisomes are ubiquitous, spherical organelles 
bounded by a single membrane and having a diam- 
eter of 100 nm to 1 pm. Drath et al. (1982) found 
catalase activity in similar amounts in both super- 
natants and granule-rich fractions of rat pulmonary 
macrophages isolated by exhaustive pulmonary la- 
vage and postlavage homogenisation techniques. 

9.1.3 

Cytoskeleton 

One of the characteristic features of mononuclear 
cell activation is the deformation of their cytoskele- 
ton. While Phaire-Washington et al. (1980) de- 
termined the spreading of peritoneal macrophages 
stimulated by phorbol myristate acetate by draw- 
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Fig. 110. Peroxisomes in an alveolar macrophage adjacent to 
a type I pneumocyte of a female rat (breeder: Winkelmann, 
Borchen-Kirchborchen) which inhaled micronized deptro- 
pine citrate and isoprenaline hydrochloride aa from a suspen- 
sion type self-propelled aerosol (Medihaler®) containg a mix- 
ture of 28 pg hexadecylpyridinium chloride/puff + sorbitan 
trioleate for surfactants. 12 Puffs/min were dispersed into a 
164.5 1 box where the animals stayed for 15 min. 1 h later 
under methitural anaesthesia, the lung was fixed by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in a 2 : 8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
20/02. (from Schiller 1971) 
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Fig. 112. Ruffled coat of a peritoneal macrophages from a 
SPF-NMRI mouse 48 h after a single intraperitoneal injection 
of 1 ml NaCl. The cells harvested with the ascites were centri- 
fuged for 10 min at 1000 r.p.m. and incubated in TCM 199 + 
20 % fetal calf serum on a plastic cover slip for 2 h, rinsed 
with phosphate buffered saline after Dulbecco and fixed in 
1 % glutaraldehyde in 0.07 M phosphate buffer (pH 7.4). Eth- 
anol, amyl acetate. Critical point drying. Gold coating. Camb- 
ridge Stereoscan 150 operated at 19 kV. APh-R. 854/80, nega- 
tive 07 162. (from Schiller 1982) 

ing, cutting out, and weighing (cf. Romeis 1968, 
§ 916), Schoevaert et al. (1983) measured the in- 
crease of the surface area induced by immunomo- 
dulators with a 720 lines Plumbicon camera and 
analysed it using a Quantimet 720 interfaced with a 
PDP 11/34. 

The microtubules, microfilaments, and inter- 
mediate filaments of the cytoskeleton influence the 
shape of free cells such as macrophages, but also 



Fig. 111. Peritoneal macrophages from a SPF- 
NMRI mouse 48 h after a single intraperito- 
neal injection of 1 ml NaCl. The cells har- 
vested with the ascites were centrifuged for 
10 min at 1000 r.p.m. and incubated in TCM 
199 + 20 % fetal calf serum on a plastic cover 
slip for 2 h, rinsed with phosphate buffered 
saline after Dulbecco and fixed in 1 % gluta- 
raldehyde in 0.07 M phosphate buffer 
(pH 7.4). Ethanol, amyl acetate. Critical point 
drying. Gold coating. Cambridge Stereoscan 
150 operated at 19 kV. APh-R. 102/80, nega- 
tive 03 798. (from Schiller 1982) 
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Fig. 113. Both rounded and spread peritoneal 
macrophages from a SPF-NMRI mouse , the 
former showing surface ridges and ruffles 
attaching themselves to the underlying sub- 
strate by means of thin veils of cytoplasm 
spreading beneath the dome-shaped nuclear 
pole. The cells were harvested 48 h after a 
single intraperitoneal injection of 1 ml saline 
by centrifugation of the ascites for 10 min at 
1000 r.p.m. and incubated in TCM 199 + 

20 % foetal calf serum on a plastic cover slip 
for 2 h, rinsed with phosphate buffered sa- 
line after Dulbecco and fixed in 1 % glutaral- 
dehyde in 0.07 M phosphate buffer (pH 7.4). 
Ethanol, amyl acetate. Critical point drying. 
Gold coating. Cambridge Stereoscan 150 
operated at 19 kV. APh-R. 102/80, negative 
03 842 




the locomotion of the cell organelles such as phago- 
somes, lysosomes, phagolysosomes and secretory 
granules, and the process of ciliogenesis. The outer 
surface of macrophages under the influence of sa- 
line (Figs. 111-114) or isotactic polyacrylic acid 
(Figs. 160-165) depends on the cytoskeleton. 

Oxidant injury produces dramatic changes in cy- 
toskeletal organisation and cell shape as shown in 
the P388D! cell line by Hinshaw et al. (1988). 



9. 1.3.1 

Actin and Microfilaments 

At least six different isoforms of actin have been 
identified in vertebrate tissues, each encoded by a 
different gene (Vanderkerckhove and Weber 
1978, Reddy et al. 1990). Non-muscle cells contain 
two general cytoplasmic actins, |3 and y. They are 
very similar to each other (only 4 amino acid sub- 
stitutions) (Vandekerckhove and Weber 1979). 
Ultrastructural evidence that calponin binds select- 
ively to “cytoskeletal” actin has led some investiga- 



Fig. 114. Rounded peritoneal macrophages 
from a SPF-NMRI mouse, showing surface 
ridges and ruffles attaching itself to the 
underlying substrate by means of thin veils 
of cytoplasm spreading beneath the dome- 
shaped nuclear pole. The cell was harvested 
48 h after a single intraperitoneal injection 
of 1 ml saline by centrifugation of the ascites 
for 10 min at 1000 r.p.m. and incubated in 
TCM 199 + 20 % foetal calf serum on a 
plastic cover slip for 2 h, rinsed with phos- 
phate buffered saline after Dulbecco and 
fixed in 1 % glutaraldehyde in 0.07 M phos- 
phate buffer (pH 7.4). Ethanol, amyl acetate. 
Critical point drying. Gold coating. Camb- 
ridge Stereoscan 150 operated at 19 kV. APh- 
R. 102/80, negative 03 806. (from Schiller 
1982) 
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tors to propose that the function of calponin in 
smooth muscle may be structural rather than regu- 
latory. Based on evidence that calponin binds to 
desmin as well as |3 actin, Mabuchi et al. (1997) 
proposed that calponin may function as a bridging 
protein between actin and intermediate filament 
networks at dense bodies. Ultrastructural analysis 
of thin filaments by Hodgkinson et al. (1997) indi- 
cated that the location of calponin on F-actin is 
similar to that of the actin cross-linking protein 
fimbrin, as well as to that of a-actinin and gelsolin. 
They suggested that a possible function of calponin 
may be the competitive inhibition of the binding of 
these or other actin-binding proteins to the actin fi- 
lament. This could serve to regulate the building or 
remodelling of the actin cytoskeleton and thereby 
affect its mechanical properties. 

Monomeric actin is stable in distilled water only. 

Actin has been isolated from alveolar macroph- 
ages by Hartwig and Stossel (1975, 1982), Stos- 
sel and Hartwig (1975, 1976), and Hartwig et 
al. (1977). Under the electron microscope, Allison 
et al. (1971) and Senda et al. (1975) saw arrow 
heads typical for actin microfilaments with heavy 
meromyosin. 

The reversible assembly of cytoplasmic actin can 
be regulated at different levels (Korn 1982, Stossel 
et al. 1985, Pollard 1986). Dissociation of the ac- 
tin monomer-binding protein, profilin (Carlsson 
et al. 1977) of profilin-actin complexes would in- 
crease the local concentration of free actin mono- 
mers available for nucleation or to polymerise onto 
nuclei formed through another process. A second 
class of regulatory proteins, the filament-severing 
proteins bind to the barbed end of actin filaments 
and block the binding of actin monomers to that 
end, such as gelsolin (Yin and Stossel 1979). These 
molecules may function to cap filament ends in re- 
sting cells and dissociate as a consequence of ago- 
nist binding. Once dissociated, actin monomers 
could access to the filament ends leading to fila- 
ment elongation. This mechanism would increase 
filament length, but not increase the number of fila- 
ments in a region of cytoplasm. Net filament 
growth could also occur by the formation of new 
nuclei, either by fragmentation of existing filaments 
or by the activation of proteins expressing sites 
equivalent to the barbed end of filaments. Nuclei 
serve as templates for the assembly of new fila- 
ments. Nucleation differs from uncapping in that 
the number of filaments in a region of a cell increa- 
ses not just the length of pre-existing filaments. 

Hartwig and Janmey (1989) found that phor- 
bol 12-myristate 13-acetate would increase the nuc- 
leation activity of macrophages washed out of the 
lungs of New Zealand white rabbits given complete 



Freund’s adjuvant intravenously. This increment 
was completely cytochalasin-sensitive, indicating 
that exposure to PMA leads to formation of free 
barbed ends. 

Xanthine oxidase increased the rate of actin 
polymerisation and accelerated the conversion of 
F(ATP)actin into F(ADP,Pi)actin (Lanzara et al. 
1988). 

HOC1 induced a rapidly increasing yield of car- 
bonyl groups in rabbit skeletal muscle actin 
(Dalle-Donne et al. 2001). However, when carbo- 
nylation became evident, some cysteine and methi- 
onine residues had been already oxidised. HOC1- 
mediated oxidation induced the progressive disrup- 
tion of actin filaments and the inhibition of F-actin 
formation. The molar ratios of HOC1 to actin that 
lead to inhibition of actin polymerisation seemed 
to have effect only on cysteines and methionines. 

In human intestinal (Caco-2) monolayers ex- 
posed to reactive oxygen metabolites (H 2 0 2 ; HOC1), 
preincubation with OPC (Otsuka America Pharma- 
ceutical Company) compounds 12759 or rebami- 
pide {[2-(4-chlorobenzoylamino)-3-[2-(lH)-quino- 
linon-4-yl] propionic acid} and 6535 {6-[2-(3,4- 
diethoxyphenyl)thiazol-4-yl]pyridine-2-carboxylic 
acid} pr stable F-actin (Banan et al. 2001). 

In the P338D! murine cell line 5 mM H 2 0 2 in- 
duced side-to-side aggregates or bundles of micro- 
filaments (Hinshaw et al. 1988) suggesting that 
declining levels of ATP either from metabolic inhi- 
bition or H 2 0 2 injury are correlated with the frag- 
mentation and shortening of microfilaments into 
aggregates. No net change in monomeric or poly- 
meric actin was necessary for this to occur. How- 
ever, at later time points after H 2 0 2 exposure some 
actin assembly did occur. 

N-Formyl-methionyl-leucyl-phenylalanine-induc- 
ed neutrophil activation (actin reorganisation and 
chemotaxis) was inhibited by the nitric oxide 
donor, l,2,3,4-oxatriazolium,5-amino-3-(3,4-dichlo- 
rophenyl)-chloride (Ward et al. 2000). 

The ability of lipopolysaccharide to cause altered 
phosphate labelling of (3/y-actin suggests a parti- 
cipation of the microfilament network in lipopoly- 
saccharide-induced monocyte activation (Haus- 
childt et al. 1997). 

Nitric oxide has been reported to be involved in 
the regulation of pseudopodia formation (Jun et al. 
1996). Ke et al. (2001) separated the globular and 
filamentous actins from quiescent or ‘NO- 
stimulated macrophage-like cell line RAW 264.7 
cells. Predominant G-actin coexisted with Triton X- 
100-insoluble filamentous (TIF) and Triton X-100- 
soluble filamentous actin in resting RAW 264.7 
cells. The exogenous 'NO produced by (±)-(£)- 
2-[(E)-hydroxyimino]-6-methoxy-4-methyl-5-nitro- 
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hexenamide (NOR1), the endogenous ‘NO induced 
by lipopolysaccharide plus interferon-y, and 
dibutyryl-cGMP increased the contents of TIF-actin 
in dose- and time-dependent manners and altered 
its morphology. The increase in the TIF-actin con- 
tents induced by NOR1 or lipopolysaccharide plus 
interferon-y was efficiently blocked by the radical 
scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl- 
imidazoline-I-oxyl 3-oxide and the soluble guanyl- 
ate cyclase inhibitor lH-[l,2,4]oxodiazolo[4,3-a] 
quinoxalin-l-one or the arginine analogue N°- 
monomethyl-L-arginine acetate, respectively. Prein- 
cubation with the calmodulin antagonist W-7 al- 
most completely blocked the ’NO-induced TIF- 
actin increase and morphological change. On the 
other hand, preincubation with C3 transferase, an 
inhibitor of Rho protein, efficiently prevented the 
change in cell morphology, but had no effect on the 
TIF-actin increase. 

In human intestinal (Caco-2) monolayers ex- 
posed to reactive oxygen metabolites (H 2 0 2 ; HOC1), 
preincubation with OPC (Otsuka America Pharma- 
ceutical Company) compounds 12759 or rebami- 
pide {[2-(4-chlorobenzoylamino)-3-[2-(lH)-quino- 
linon-4-yl] propionic acid} and 6535 {6-[2-(3,4- 
diethoxyphenyl)thiazol-4-yl]pyridine-2-carboxylic 
acid} prevented actin oxidation, decreased depoly- 
merized G-actin, and enhanced the stable F-actin 
(Banan et al. 2001). 

Nitric oxide has been reported to be involved in 
the regulation of pseudopodia formation (Jun et al. 
1996). Ke et al. (2001) separated the globular and 
filamentous actins from quiescent or ‘NO- 
stimulated macrophage-like cell line RAW 264.7 
cells. Predominant G-actin coexisted with Triton X- 
100-insoluble filamentous (TIF) and Triton X-100- 
soluble filamentous actin in resting RAW 264.7 
cells. The exogenous ‘NO produced by (±)-(£)- 
2-[(£)-hydroxyimino]-6-methoxy-4-methyl-5-nitro- 
hexenamide (NOR1), the endogenous ‘NO induced 
by lipopolysaccharide plus interferon-y, and 
dibutyryl-cGMP increased the contents of TIF-actin 
in dose- and time-dependent manners and altered 
its morphology. The increase in the TIF-actin con- 
tents induced by NOR1 or lipopolysaccharide plus 
interferon-y was efficiently blocked by the radical 
scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethyl- 
imidazoline-l-oxyl 3-oxide and the soluble guanyl- 
ate cyclase inhibitor lH-[l,2,4]oxodiazolo[4,3- 
a] quinoxalin-l-one or the arginine analogue N°- 
monomethyl-L-arginine acetate, respectively. Prein- 
cubation with the calmodulin antagonist W-7 al- 
most completely blocked the ‘NO-induced TIF- 
actin increase and morphological change. On the 
other hand, preincubation with C3 transferase, an 
inhibitor of Rho protein, efficiently prevented the 



change in cell morphology, but had no effect on the 
TIF-actin increase. 

Rho family proteins control actin organisation 
(Ridley and Hall 1992). Like Ras, most members 
of the Rho family cycle between an inactive GDP- 
bound form and an active GTP-bound form. Three 
major regulators control their activity: RhoGDIs in- 
teract with the geranyl-geranylated form of the pro- 
teins to keep them in a “resting” cytosolic complex 
(Zalcman et al. 1996, 1999). 

Paraquat known to induce production of 0 2 '“ 
through ist reduction/oxidation (formula [158]) af- 
fected actin cytoskeleton by an increase of the fila- 
mentous pool of actin and a parallel decrease of the 
monomeric actin (Cappelletti et al. 1996). Para- 
quat induced an increase of de novo synthesis of ac- 
tin, but did not affect the actin degradation rate. 




The copper complex tetraanhydroaminobenzalde- 
hyde (16 atoms in a macrocyclic ring, four donor 
nitrogens associated with Cu 2+ ) as to its functional 
similarity to superoxide dismutase is able to cata- 
lyse superoxide to molecular oxygen and paraquat 
interacted with the actin cytoskeleton in a 
competitive-like manner (Urbanci'kova and Ko- 
rytar 1999). 

The dynamics of the actin cytoskeleton are con- 
trolled by a collection of actin-binding proteins. 

Severin is a member of a family of actin-binding 
proteins which consist of a tandem arrangement of 
homologous domains which have developed 
slightly modified activities. Severin has three such 
domains, as does fragmin, while gelsolin and villin 
have six. Although the first domain of severin can 
cap the ends of actin filaments the second domain 
is required to sever them. It is therefore assumed 
that the second domain binds to side of the actin fi- 
lament while the first is forced into the filament dis- 
rupting it. Calcium has been implicated in the regu- 
lation of the activity and calcium-induced changes 
in the NMR spectrum of severin has identified resi- 
dues which may bind calcium ions. 

Myosin from vertebrate macrophages is com- 
posed of two heavy chains of M r 200,000, two light 
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Fig. 115. Numerous subplasmalemmal microfilaments in an 
alveolar macrophage eliminated via the ciliated epithelium. 
Lung (block S2) of a female rat (breeder Winkelmann, 
Borchen-Kirchborchen) exposed to 20 mg quartz-free shale 
dust/m 3 (particles less than 5 pm in size; origin: seem Erda, 
Fiirst Leopold-Baldur mine at Harvest-Dorsten) in Polley’s 
(1963, 1965) dust channel 4 h per day, 5 days per week. Fixed 
under methitural anaesthesia by intratracheal instillation of 
2.5 % glutaraldehyde in phosphate buffer (pH 7.4) before 
opening the thorax. Postfixation with 1 % osmium tetroxide 
in phosphate buffer (pH 7.4). Contrasted en bloc for 12 h in 
0.5 % uranyl acetate in 70 % ethanol. Embedded in methyl- 
methacrylate : butylmethacrylate 2:8. Sectioned at 50 nm. 
Lead citrate after Reynolds (1963). Plate 3594 (from Schil- 
ler 1982) 



Table 27. Actin-associated proteins 



Myosin 

Tropomyosin 

Fimbrin 

Alpha-Actinin 

Gelsolin 

Vinculin 

Talin 

Villin 

Synaptopodin 

Myopodin 



chains of M r 15,000 and two light chains of M r 
20,000 (Hartwig and Stossel 1975, Trotter and 
Adelstein 1979). It structure is, by analogy with 
other vertebrate myosins (Weeds and Lowey 1971, 
Burridge 1979), likely to be characterised by two 
head regions, each of which is composed of a part 



of the heavy chain in association with one of each of 
the two classes of light chain. The 20 kDa light 
chain plays a regulatory role: it must be phospho- 
rylated in order for the myosin to be activated by 
actin (Trotter and Adelstein 1979). Myosin 
from rabbit alveolar macrophages is heterogeneous 
with respect to its 20 kDa light chain in a ratio of 
2:1 (Trotter et al. 1983). 

The multiple non-muscle-type myosin heavy 
chain isoforms can be grouped into two myosin 
heavy chain A and B types, the latter being predo- 
minantly expressed in brain (Sun and Chantler 
1992, Takahashi et al. 1992) and the former es- 
sentially in muscle and in non-muscle-non-brain 
tissues (Murakami et al. 1993). 

Tropomyosin may be involved in the regulatory 
subunits that mediate cooperativity within thin fila- 
ment (reviewed by El-Saleh et al. 1986). Head-to- 
tail polymerisation of tropomyosin within the thin 
filament (Mak and Smillie 1981) could provide a 
means for co-operative interaction between func- 
tional groups. In a test of this idea Walsh et al. 
(1984) found that the response of regulated actin - 
activated myosin ATPase to Ca 2+ was unaffected by 
removal of regions of overlap between adjacent tro- 
pomyosin molecules. However, Pan et al. (1989) 
found that removal of head-to-tail overlap of tropo- 
myosin molecules reduced the cooperativity of Sl- 
ADP binding to reconstitutes thin filaments, and 
they concluded that overlap of adjacent tropmyosin 
is necessary for near-neighbour interactions. The 
difference in results between the two studies may be 
due to the low ionic strength of the assay system 
(approximately 20 mM) used by Walsh et al., and 
their low rations (1 : 100) of myosin relative to actin. 
Thus far, the role of tropomyosin overlap in the ap- 
parent cooperativity of tension development has 
not been studies directly since it as not been feasi- 
ble to modify the tropomyosin content of skinned 
fibres. 

The expression of nonmuscle tropmyosin was re- 
stored to pretransformation levels in ouabain- 
selected revertants of v-Ki-ras transformed NIH/ 
3T3 cells (Bassin and Noda 1987). 

Alpha-Actinin is a ro d-like (3-4nmx30-40nm) 
cytoskeletal protein belonging to the same family as 
spectrin, dystrophin and utrophin. a-Actinin is a 
homodimer with a subunit molecular weight of 
94-103 kDa in which the subunits are antiparallel 
in orientation. The molecule can be devised into 
three domains, an N-terminal actin binding do- 
main (approximately residues 1-245), four internal 
120 residue repeats, and a C-terminal region con- 
taining two EF-hand Ca 2+ -binding motifs (Baron et 
al. 1987, Blanchard et al. 1989). Apart from actin, 
a-actinin has been reported to bind to the cytoskel- 
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etal protein vinculin (Wachsstock et al. 1987), ne- 
bulin (Nave et al. 1990), clathrin (Merisko et al. 
1988), and to the cytoplasmic domain of the (31- 
family of integrins, receptors for extracellular ma- 
trix proteins (Otey et al. 1990). 

Gelsolin is the most potent actin filament sever- 
ing protein identified to date (Sun et al. 1999). Sever- 
ing is the weakening of enough non-covalent bonds 
between actin molecules within a filament to break 
the filament in two. Membrane ruffling is a func- 
tional readout for a co-ordinated series of membrane 
and cytoskeletal events, and it is activated by the 
small GTPase, Rac. Gelsolin null fibroblasts have in- 
creased Rac expression (Azuma et al. 1998), and 
Rac-GTP dissociates gelsolin-actin complexes (equi- 
valent to uncapping) in cell extracts but not purified 
gelsolin-actin complexes (Arcaro 1998). 

The rapid depletion of plasma gelsolin following 
major trauma in patients who subsequently develop 
respiratory distress suggested that this actin- 
scavenging protein might protect against delayed 
pulmonary complications. Christofidou-Solomi- 
dou et al. (2002) measured gelsolin levels in three 
murine models of oxidant injury: immunotargeting 
of pulmonary endothelium with an H 2 0 2 -generat- 
ing enzyme; continuous exposure to > 95 % 0 2 ; and 
single high-dose thoracic irradiation. The degree of 
lung injury was inversely related to gelsolin levels in 
mice treated with glucose oxidase-conjugated anti- 
bodies against platelet endothelial cell adhesion 
molecule-1 ( P <0.0001). By 60-72 h of hyperoxic 
exposure, gelsolin levels had dropped precipitously 
in all mice who sustained major lung damage ( P 
<0001), establishing a quantitative association be- 
tween gelsolin concentration and hyperoxic lung 
injury (r = -0.72; 95 % confidence interval: -0.81 to 
-0.59). Gelsolin levels modestly but progressively 
fell in irradiated mice over the 3 days following 
treatment (P - 0.012) despite the development of 
only microscopic lung damage during this time- 
frame. 

Gelsolin is expressed at low levels in most cancer 
cell lines and is up-regulated during in vitro diffe- 
rentiation induced by agents such as phorbol esters 
and histone acetylase inhibitors in leukaemic (Kwi- 
atkowski 1988) and epithelial cell lines (Jarrard 
et al. 1998). Gelsolin has also been shown to have 
decreased expression in lung cancers compared 
with histologically normal surrounding lung 
(Dosaka- Akita et al. 1998). Ciglitizone treatment 
resulted in a prominent induction of gelsolin in 
multiple cell lines, although 15-deoxy-A 12,14 -prosta- 
glandin J 2 had a lesser effect in the same cell line 
(Chang and Szabo 2000). 

Vinculin and talin are major components of fo- 
cal contacts that interact with each other and that 



are thought to be involved in linking actin filaments 
to integral membrane proteins. Microinjection 
studies with anti-vinculin antibody (Nuckolls et 
al. 1992) indicated that vinculin is a key protein in 
the microfilament-membrane linkage and that talin 
is essential for the development of focal contacts. In 
cultured chick embryo fibroblasts, a fraction 
(2-5 %) of the newly synthesised vinculin and talin 
reached maximal levels in the cytoskeleton in 
30-45 min (Lee and Otto 1997). Both proteins had 
2-3 times shorter half-lives in the cytoskeletal pool 
( 1 1 / 2 = 6-7 h) than in the cytosolic pool (t 1/2 = 
14-15 h), which suggested that the incorporation of 
cytosolic vinculin and talin into the cytoskeleton 
does not involve a simple equilibrium between the 
two pools. 

Talin is a large molecule (270 kDa). Below 
0.7 mg/ml it exists as a monomer. Above this con- 
centration it begins to self-associate to form dimers 
(Molony et al. 1987). In many types of cultured 
cells, talin in concentrated in focal adhesions (Bur- 
ridge and Cornell 1983), regions where bundles 
of actin filaments attach to the cytoplasmic face of 
the membrane and where the external face of the 
membrane adheres most tightly to the underlying 
substratum. Talin is also found in ruffling membra- 
nes and subjacent the bundles of extracellular ma- 
trix on the cell surface (Collier et al. 1982). 

Talin interacts with the (3 1 integrin subunit on 
the one hand and vinculin and actin on the other 
hand (Horwitz et al. 1986). These proteins recog- 
nise distinct binding sites on talin (Horwitz et al. 
1986) and, as they are colocative to adhesion sites 
on the plasma membrane (Burridge et al. 1990), it 
is likely that talin plays a pivotal role in associating 
matrix recognising integrins with the cytoskeleton. 

Bass et al. (1999) defined the three vinculin - 
binding sites in talin to residues 607-636, 852-876 
and 1944-1969; alignment of these sequences 
shows 59 % similarity, although there are only two 
identical residues. Predictions of secondary struc- 
ture indicate that this vinculin-binding motif forms 
an amphipathic a-helix. The hydrophobic face of 
helix 607-637 contains three aligned leucines (resi- 
dues 608, 615 and 622), which show conservative 
substitution in the other two site. 

Phosphorylation of talin is prompted by the ex- 
posure of l,25(OH) 2 vitamin D 3 pre-treated CSF-1 
dependent macrophage-like BAC 1.25F5 cells to 
phorbol 12-myristate 13-acetate in place of CSF-1 
(Meenakshi et al. 1993). 

Binding of calmodulin to the microfilament net- 
work correlates with induction of a macrophage tu- 
moricidal response (Mecham et al. 1985). 

Calponin (Takahashi et al. 1988, El-Mez- 
gueldi 1996) and caldesmon (Sobue and Sellers 
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1991) are two thin filament associated proteins that 
bind to F-actin, tropomyosin and calmodulin. In- 
teraction of 34 kDa calponin with F-actin and tro- 
pomyosin occurs in a Ca 2+ -independent manner, 
whereas that with calmodulin is regulated in a Ca 2+ - 
dependent manner. Despite their apparent func- 
tional similarity, sequence analysis indicated that 
calponin and caldesmon are not related proteins. 
They act by different mechanisms of inhibition and 
bind to distinct thin filament populations in 
smooth muscle cells (Sobue and Sellers 1991, Ta- 
kahashi and Nadal-Ginard 1991, North et al. 
1994). 

Ultrastructural evidence that calponin binds se- 
lectively to “cytoskeletal” actin has led some inves- 
tigators to propose that the function of calponin in 
smooth muscle may be structural rather than regu- 
latory. Based on evidence that calponin binds to 
desmin as well as |3 actin, Mabuchi et al. 1997) 
proposed that calponin may function as a bridging 
protein between actin and intermediate filament 
networks at dense bodies. Ultrastructural analysis 
of thin filaments by Hodgkinson et al. (1997) indi- 
cated that the location of calponin on F-actin is 
similar to that of the actin cross-linking protein 
fimbrin, as well as to that of a-actinin and gelsolin. 

Profilins are small, highly abundant cytoplasmic 
proteins that bind actin, poly-L-proline (Tanaka 
and Shibata 1985), and polyphosphoinositides, 
raising the possibility that they are second messen- 
gers to carry informations between the polyphos- 
phoinositide signalling pathway and the cytoskele- 
ton. From knockout mutants of profilins, such as 
generated in mice, Dictyostelium and yeast, it be- 
came evident that profilins are essential compon- 
ents of the microfilament system (Schluter et al. 
1997). The soluble actin-binding protein profilin 
binds up to five molecules of phosphatidylinositol- 
4, 5-biphosphate, but not phosphatidylcholine, 
phosphatidylserine or phosphatidyl ethanolamine, 
with reasonably high affinity; this binding inhibits 
both the interaction between profilin and actin and 
the hydrolysis of phosphatidylinositol-4,5-biphos- 
phate by soluble phosphoinositidase C. Gold- 
schmidt-Clermont et al. (1991) have shown that 
in the presence of profilin, phospholipase Cyi activ- 
ity is dependent upon phosphorylation state; i.e. 
phosphorylation of phospholipase Cyj by the epi- 
dermal growth factor receptor relieves the tonic in- 
hibition of phospholipase Cyi activity by profilin. 
The considerable increases in a highly charged lipid 
such as phosphatidylinositol-3, 4, 5-triphosphate 
(Stephens et al. 1991) are likely to exert profound 
effects upon the inner leaflet of the plasmalemma 
and might be expected for this reason alone to 
modify cytoskeleton-membrane interactions. 



Ezrin, moesin and radixin (ERM), three actin- 
binding proteins, which link actin filaments to the 
plasma membrane (Tsukita et al. 1997), are pri- 
mary located in microvilli on the apical surface of 
epithelial cells, although they have also been ob- 
served at intercellular boundaries (Bretscher et 
al. 1997). Rho can colocalise to the plasma mem- 
brane with ERM proteins, and Rho inactivation 
prevents the localisation of ERM proteins and vin- 
culin to the plasma membrane (Kotani et al. 1997). 
RhoGDI apparently binds in a complex with CD44 
and ERM proteins, and could therefore act as an in- 
termediary to target Rho to ERM proteins, or alter- 
natively ERM proteins could increase Rho activity 
by titrating out RhoGDI (Takahashi et al. 1997). 
ERM protein interaction with actin is required for 
Rho and Rac to induce actin reorganisation and fo- 
cal complex assembly in permeabilized fibroblasts 
(Mackay et al. 1997). A Cdc42-interacting protein, 
CIP4, shows sequence homology to a small region 
of the ERM proteins and may act as a transducer to 
the actin cytoskeleton as it induces actin reorga- 
nisation when overexpressed in Swiss 3T3 cells (As- 
penstrom 1997). 

Synaptopodin (formerly called pp44), a member 
of a family of actin-associated proteins rich in pro- 
line, was found in telencephalic dendrites and renal 
podocytes (Mundel et al. 1997). The cytoskeletal 
rearrangements of mouse podocyte clones are ac- 
companied by the onset of synaptopodin synthesis. 

Myopodin, another member of this family, is as- 
sociated with the Z disc of human skeletal muscle 
(Mundel et al. 1999). 

9. 1.3. 2 

Tubulin and Microtubuli 

Microtubules are proteinaceous organelles, present 
in nearly all eukaryotic cells, made of subunits of 
tubulin molecules assembled into long tubular 
structures, with an average exterior diameter of 
24 nm, capable of changes of length by assembly or 
disassembly of their subunits. Macrotubules with a 
diameter of 31 to 52 nm, which are related to the 
paracrystalline tubulin assemblies produced by 
Vinca alkaloids, result from a helical winding of 
protofilaments (Tilney and Porter 1967). Their 
formation is an indication of changes in the lateral 
links of tubulin protofilaments. The protein tubulin 
is acidic, combined with two molecules of guanine 
nucleotides. 

The a (3 tubulin heterodimer is the structural 
subunit of microtubules. Each tubulin monomer 
binds a guanine nucleotide, which is non-exchange- 
able when it is bound to the a subunit, or N site, 
and exchangeable when bound in the (3 subunit, or 
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E-site. The a- and |3-tubulins share 40% amino- 
acid sequence identity, both exist in several isotype 
forms, and both undergo a variety of post- 
translational modifications (Ludvena 1998). Lim- 
ited sequence homology has been found with the 
proteins FtsZ (Mukherjee and Lutkenhaus 1994) 
and Misato (Gabor Miklos et al. 1997), which are 
involved in cell division in bacteria and Drosophila, 
respectively. Nogales et al. (1998) presented an 
atomic model of the a (3 tubulin dimer fitted to a 
3.7-0 density map obtained by electron crystallo- 
graphy of zinc-induced tubulin sheets. The structu- 
res of a- and (3-tubulin are basically identical: each 
monomer is formed by a core of two (3-sheets sur- 
rounded by a-helices. The monomer structure is 
very compact, but can be devided into three func- 
tional domains: the amino-terminal domain con- 
taining the nucleotide-binding region, an inter- 
mediate domain containing the taxol-binding site, 
and the carboxyl-terminal domain, which probably 
constitutes the binding surface for motor proteins. 

Fresh human blood mononuclear cells contained 
an average of 26 microtubules per cell which signif- 
icantly increased to 31 microtubules per cell follow- 
ing a 30-min exposure to LPS ( P <0.001). Using a 
nocodazole-based assay of microtubule dynamic 
instability, the half-life of fresh unstimulated mono- 
cyte microtubules was approximately 18 s and ex- 
tended to 26 s following a 30-min exposure to LPS 
(Allen et al. 1997). Endotoxin caused a rapid alter- 
ation in monocyte microtubule stability (Allen et 
al. 1997). 

The direct interaction of peroxisomes with the 
microtubular network was visualised by Schrader 
et al. (1994, 1996), showing a specific binding of 
isolated peroxisomes to microtubules. In vitro, the 
binding of peroxisomes to the microtubular net- 
work was sensitive to pre-treatment of the organel- 
les with high concentration of KC1 or proteases. 

Synaptosomal microtubules, contrary to axon 
microtubules (Matus et al. 1981), are associated in 
rat brain with high molecular weight microtubule 
associated proteins which are susceptible to an en- 
dogenous Ca 2+ -dependent protease, proteolysis be- 
ing essentially complete in 5 min at 37 °C. This 
could explain the difficulty in demonstrating the 
microtubule associated proteins by histochemistry 
(Burgoyne and Cumming 1982). 

In tumour cells, the 3-D reconstruction gives a 
clear image of the spatial arrangement of tubulin fi- 
bres in relation to cell shape and position of other 
cellular organelles, particularly the nucleus 
(Strohmaier et al. 2000). The tubulin forms an in- 
tricate network of fibres of variable thickness. The 
highest tubulin concentrations appear in the cell 
periphery and particularly in pseudopodia/invado- 



podia. This is indicative of an enhanced transport 
of intracellular material facilitating cell movement 
and lysis of the extracellular matrix. 

Melatonin antagonised the action of colchicine 
on melanocytes (Malawista 1965). It inhibited the 
regeneration of cilia in Stentor, and this effect was 
antagonised by colchicine (Banerjee et al. 1972). 
On the other hand, the two drugs inhibited syner- 
gistically the regeneration of the oral band, suggest- 
ing that both bound to microtubule protein. In 
HeLa and KB cells preincubation for 1 h in 10' 5 M 
melatonin protected the microtubuli of the spindle 
against the action 10' 7 M colchicine (Fitzgerald 
and Veal 1976). High concentrations of melatonin 
prevented 3 H-colchicine binding to brain tubulin 
(Winston et al. 1974), a result contradicted by the 
findings of Poffenbarger and Fuller (1976) that 
melatonin does not affect in vitro assembly of bo- 
vine brain tubulin nor the mitosis of Chinese hams- 
ter ovary cells. In retinal ganglion cells of male New 
Zealand albino rabbits 1.5 pg or 15 pg melatonin in- 
jected 90 min before 3 H-leucine inhibited fast axo- 
plasmic flow by 71.9±8.4% and 87.2±4.6%, re- 
spectively (Cardinali and Freire 1975). Under 
these conditions melatonin tended to increase 3 H- 
leucine incorporation into retinal proteins in vitro 
(not significant). 

Halothane (20 mM) significantly (P = 0.001) pre- 
vented repolymerisation of microtubules in the 
sciatic nerve of the rat, when depolymerization was 
induced in vitro by incubation at 0 °C for 30 min 
(Livingston and Vergara 1979). 

There is increasing evidence that the microtubu- 
les are an important component in the interaction 
between the cytoskeleton and specific mRNAs. Mic- 
rotubule preparations have been found to contain 
ribosomes and polysomes (Hamill et al. 1994) and 
inhibitor studies showed that mRNA localisation in 
oocytes is sensitive to colchicine (Yisraeli et al. 
1990, Pokrywka and Stephenson 1994). A cyto- 
skeletal fraction from Drosophila oocytes is en- 
riched in bicoid mRNA, and this mRNA is released 
by microtubule-disrupting agent colchicine (Pok- 
rywka and Stephenson 1994). 

Chlorpromazine arrests cultured cells in mitosis 
and disorganises the organised microtubule struc- 
ture produced by cyclic adenosine monophosphate 
(Poffenbarger and Fuller 1977). It causes a re- 
duction in the number of microtubules in spinal 
ganglion cells (Edstrom et al. 1973, Thyberg et al. 
1977) and neuroblastoma cells (Edstrom et al. 
1975) in vitro. The micellar form of chlorpromazine 
interacts preferentially with one site on brain tubu- 
lin (Cann et al. 1981). Chlorpromazine has been 
shown to bind reversibly to tubulin prepared from 
mouse brain via two well-resolved processes (Hin- 
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Table 28. Microtubule-associated proteins 

MAP 1 Protein 
MAP 2 Proteins 
T-Proteins 
Ankyrin 
Dyneins 



MAP 1 and MAP 2 are basic proteins (Erickson and Voter 
1976). 

man and Cann 1976). One molecule binds strongly 
compared with 8-9 molecules that bind weakly. 

Aluminium induced nonenzymatic phospho-in- 
corporation into human T-proteins (Abdel-Ghany 
et al. 1993). While 500 pM Fe 3 + induced [y- 32 P]ATP- 
incorporation only weakly, 500 pM Sc 3+ were twice 
more effective than 500 ttM Al 3+ . 

Dyneins are proteins with adenosine triphos- 
phatase activity (Gibbons and Rowe 1965). These 
multipeptide complexes have molecular masses be- 
tween 5.4 x 10 6 and 6 x 10 5 Da. They have been frac- 
tionated by proteolysis into fragments of 135 kDa to 
400 kDa (Warner and Mitchell 1980). Warner 
and McIlvain (1982) analysed the binding proper- 
ties of Tetrahymena 2 IS dynein to doublet A and B 
subfiber microtubules by both a turbidimetric assay 
(AA350 nm) and electron microscopy. KC1- 
extracted, sucrose-gradient, purified 2 IS dynein 
bound to each of the two kinds of axonemal micro- 
tubules in both ATP-insensitive and ATP-sensitive 
modes, even though only a single type of binding 
occurred to each of the subfibers in situ. Reed et al. 
(2000) characterised airway epithelial expression of 
a gene identified by two human expressed sequence 
tags that encoded peptides with sequence similarity 
to an invertebrate ciliary dynein heavy chain. Mole- 
cular analyses showed that the gene has a very large 
RNA transcript that encodes a very high molecular 
weight polypeptide with biochemical properties 
that are characteristic of a dynein heavy chain. Ex- 
pression of the gene transcript correlated with the 
presence of ciliated cells in tissues, and immunohis- 
tochemical localisation of the gene product con- 
firmed its presence in the cilia of mature airway 
epithelium. 

In addition to axonemal dyneins, there are cyto- 
plasmic dyneins, distinct isoforms that transport 
molecular cargoes along cytoplasmic microtubules 
and participate in aspects of cell division (Karki 
and Holzbaur 1999). 

9. 1.3. 3 

Intermediate Filaments 

Structure, dynamics, function, and disease of inter- 
mediate filaments were reviewed by Fuchs and We- 
ber (1994). 



Table 29. Molecular types of intermediate filaments 
Cytokeratins 

Type I (acidic): 17 polypeptides 
Type II (alkaline): > 14 polypeptides 
Vimentin 
Desmin 

Glial fibrillary acidic protein (GFAP) 

Peripherin 

Neurofilament proteins H, M, L 

a-Internexin 

Lamins A, B,, B 2 , C 

Nestin 

Filensin 

Phakinin 



Intermediate Filaments of the Vimentin Type 

Intermediate filaments of 7-11 nm diameter (We- 
ber and Osborn 1982) of the vimentin type 
(Franke et al. 1979) are arranged immediately 
around the cell nucleus, while the remaining cyto- 
plasm reveals only small amounts of 10 nm fila- 
ments, which usually do not extend up to the outer 
membrane of the mononuclear phagocyte (Cain et 
al. 1982, 1983). With increasing differentiation of 
monocytes into mature macrophages and epitheli- 
oid cell equivalents, a loosening up of the perinuc- 
lear vimentin filament network was observed. This 
development was associated with a straightening of 
the filaments, which could now be followed into the 
ectoplasm and into the cytoplasmic processes. 

Western blotting analyses of the extract from 
thioglycollate-stimulated mouse peritoneal mac- 
rophages incubated with 1 pM showed selective dei- 
mination of vimentin without detectable degrada- 
tion (Asaga et al. 1998). Double immunofluores- 
cence staining of deiminated proteins and vimentin 
suggested localisation of deiminated vimentin 
around the periphery of the round-shaped nucleus, 
which was thought to be an early morphological 
sign of apoptosis. 

The application of both crocidolite asbestos 
(10 pg/ml) and silicon carbide (50 pg/ml) affected 
the vimentin system of the Syrian hamster epithe- 
lial cell line (M3E3/C3) derived from the lung of a 
foetus on day 15 of gestation in a time- dependent 
manner (Aufderheide et al. 1994). The vimentin 
network, which normally appears as a filigree-like 
pattern throughout the cytoplasm, after exposure 
to asbestos for 38 h concentrated in bundles. Expo- 
sure to silicon carbide induced a concentration of 
vimentin filaments within the cells at the expense of 
the normally anastomosing network. 

Human KD fibroblasts on per cell volume basis 
contained 151.6 ng vimentin/pl (Lai et al. 1993). 
Protein phosphorylation was augmented by treat- 
ment of 600 nM okadaic acid for 1 h in these cells. 
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Fig. 116. Numerous intermediate filaments immediately 
around the cell nucleus in an alveolar macrophage (block 
4424) from an unmedicated 235 g Sprague-Dawley rat (Char- 
les River, France). On July 25, 1978, under pentobarbital 
anaesthesia (30 mg/kg), the animal was perfused from the ab- 
dominal aorta with 2.5 % glutaraldehyde in 0.1 M sodium ca- 
codylate buffer (pH 7.4). Postfixation with 1 % osmium tet- 
roxide in sodium cacodylate buffer. Embedded in Epon 812 
and sectioned at 50 nm. Stained with lead citrate and uranyl 
acetate. Plate 4201 

During the apparent activation of protein kinases, 
vimentin became hyperphosphorylated and the 
phosphorylation level of other nonvimentin phos- 
phoproteins was relatively little affected in KD cells. 

Glial fibrillary acidic protein (GFAP) immunos- 
taining as a marker of astrocyte density increased in 
the oriens layer of the hippocampus of untreated bi- 
lateral carotid artery-occluded rats as compared to 
sham occluded animals (De la Torre et al. 1998). 

9.2 

Histochemistry 

9.2.1 

Glutathione 

Using the GSH-specific enzymatic assay with glyox- 
alase I, Sibille et al. (1984) observed a GSH con- 
tent of 5.96 ±0.61 pM/10 6 human alveolar macroph- 
ages. The GSH content of freshly isolated rabbit 



lung macrophhages was 3. 12 ± 0.62 nmol/10 6 cells; 
it was depleted to 1.63 ± 0.32 nmol/10 6 cells by incu- 
bating with 500 uM diethyl maleate for 20 min 
(Horton et al. 1987). Cysteine was best able to sup- 
port resynthesis of GSH. There was no evidence for 
participation of a cystathionine pathway for gluta- 
thione synthesis. 

9.2.2 

Immunophenotypes 

The polyclonal anti pan-cathedrin antibody select- 
ively decorated alveolar macrophages, type I pneu- 
mocytes, and endothelial cells of large blood vessels 
(Kasper et al. 1996). 

9.2.3 
Enzymes 

9.2.3. 1 

Oxidoreductases 

While interference with electron transmission and 
uncoupling of oxidative phosphorylation have no 
effect on the phagocytic function of polymorpho- 
nuclear leucocytes or monocytes they impair the 
activity of the alveolar macrophage (Karnovsky et 
al. 1966). 

Oxidoreductases with NAD + or NADP + 
as Acceptor 

Lactate Dehydrogenase (EC 1.1.1.27) 

Lactate dehydrogenase (EC 1.1.1 .27) 

S-Lactate + NAD+ — Pyruvate + NADH [125] 

Rat alveolar macrophages contain five lactate de- 
hydrogenase isoenzymes, LDH 5 being the most pro- 
minent (Bansal and Kaw 1981). Silica-exposed 
macrophages liberated LDH 5 in the supernatant 
culture medium. This LDH isoenzyme also in- 
creased in the serum of silicotic rats in the early 
stages of the development of the disease. 

9.2.3. 1.2 

Oxidoreductases with Oxygen as Acceptor 

Xanthine Oxidase (EC 1.1.3.22) 

Bovine lung macrophages produced 386 pmol uric 
acid/min x mg protein (Bruder et al. 1983). 

Tubaro et al. (1980) reported a marked increase 
in the xanthine oxidase activity of macrophages ob- 
tained from infected animals compared with those 
obtained from normal mice. 
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9. 2.3. 1.3 

Oxidoreductases with Reduced NAD or NADP 
as Donators 

Increased oxidative stress in the RAW 264.7 macro- 
phage cell line is partially mediated via the S- 
nitrosothiol-induced inhibition of glutathione re- 
ductase (EC 1.6. 4.2) (Butzer et al. 1999). Fujii et 
al. (2000) isolated a cDNA for rat glutathione reduc- 
tase and constructed a baculovirus system to pro- 
duce recombinant glutathione reductase on a large 
scale. NO donors (S-nitrosoglutathione, SIN-1, and 
S-nitroso-N-acetyl-D, L-penicillamine) inhibited the 
enzymatic activities of purified glutathione reduc- 
tase. 



9.2.3.1.4 

Oxidoreductases with Hydrogen Peroxide 
as Donator 

Catalase (EC 1.11.1.6) 



Detoxification of hydrogen peroxide by catalase 
(EC 1.1 1.1 .6) 

2 H 2 0 2 — »-2 H 2 0 + 0 2 [127] 



Salicylic acid may bind to and inactivate catalase, 
thus affecting H 2 0 2 (Sundaresan et al. 1995). 



Peroxidase (EC 1.11.1.7) 

In HL-60 cells, the peroxidase reaction was ob- 
served in the nuclear envelope, primary granules, 
endoplasmic reticulum and Golgi body (Mikami et 
al. 1998). 



9.2.3.1.5 

Oxidoreductases Acting on Single Donors with 
Incorporation of Molecular Oxygen (Oxygenases) 

Lipoxygenase (EC 1.13.11.12) catalyses the stereo- 
specific dioxygenation of polyunsaturated fatty 
acids containing a l,4-cis,ds-pentadiene system to a 
pentadienyl radical intermediate which reacts with 
molecular oxygen to yield cis,trans-c onjugated 
diene hydroperoxides (Wiseman et al. 1988). 

5-Lipoxygenase (EC 1.13.11.12) and 5-lipoxygen- 
ase-activating protein are key proteins in leukot- 
riene formation. In both unstimulated normal and 
ARDS human alveolar macrophages the two prote- 
ins were found by immonoelectronmicroscopy in 
the cytoplasm followed by the cell surface and nuc- 
lear membranes (Chi et al. 1996). After lipopolysac- 
charide treatment, approximately twofold increases 
in the number of immunogold particles/unit area 
were observed in the cytoplasmic and nuclear 
membrane compartments. In activated cells, both 
5 -lipoxygenase and 5-lipoxygenase-activating pro- 
tein distributed primarily to the cytoplasmic fila- 
ment network and secondarily to the endoplasmic 
reticulum. 

On stimulation of rat alveolar macrophages with 
the calcium ionophore A-23187 (1 pM for 30 min), 
synthesis of leukotriene B 4 increased with the de- 
gree of maturation, although it was diminished in 
the oldest subpopulation (Covin et al. 1998). This 
maturation-dependent upregulation was not ex- 
plained by increases in arachidonic acid release but 
was associated with increased expression of 5- 
lipoxygenase protein as determined by immunoblot 
analysis. Whereas 5-lipoxygenase is primarily cyto- 
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solic in monocytes, it is known to be primarily in- 
tranuclear in unfractionated alveolar macrophages. 
Covin et al. (1998) investigating the localisation of 
5-lipoxygenase by immunofluorescence microscopy 
found it predominantly nuclear in all alveolar mac- 
rophage subpopulations. By contrast, the protein 
was cytosolic in interstitial macrophages isolated by 
mechanical and enzymatic lung digestion. 

9.2. 3. 1.6 

Oxidoreductases Acting on Paired Donors 
with Incorporation of Molecular Oxygen 

Prolyl 4-hydroxylase (EC 1.14.1 1.2) is a key enzyme 
required for the posttranslational hydroxylation of 
proline residues in collagen. The enzyme consists of 
a tetramer composed of two pairs of nonidentical 
subunits (a 2 |3 2 ) of — 60 kDa each (Berg et al. 1979). 
Peptide mapping has demonstrated that the a and 
(3 subunits are products of different genes (Berg 
et al. 1979). The |3 subunit has been shown (Pihla- 
janiemi et al. 1987) to be virtually identical with 
the enzyme protein disulphide isomerase (EC 
5. 3.4.1). 

Alveolar macrophages obtained by pulmonary 
lavage from normal male New Zealand white rab- 
bits and humans evaluated for their lung disease 
contained significant amounts of prolyl hydroxylase 
(Kelleher et al. 1977). 

When freshly isolated rat peritoneal macroph- 
ages were incubated in suspension with [ 14 C]pro- 
line, they synthesised a small but significant 
amount of non-diffusible hydroxy[ 14 C]proline 
(Myllyla and Seppa 1979). 

Nitric oxide synthases (EC 1.14.13.39), the in- 
ducible form of which has been obtained from the 
murine RAW 264.7 macrophage cell line (Hevel et 
al. 1991, Stuehr et al. 1991) was found by Liu et al. 
(1996) in the normal Lewis rat alveolar interstitium 
by immunostaining, whereas alveolar macrophages 
were iNOS negative. Interferon y maximally stimul- 
ated NO production by alveolar macrophages. 





L-Arginine-nitric oxide pathway 
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iNOS mRNA of bovine alveolar macrophages ob- 
tained by bronchoalveolar lavage immediately after 
isolation was below the detection limit (Hockele et 
al. 1997). Two or four h later increasing mRNA lev- 
els could be observed in both control and LPS sti- 
mulated cells. After 24 h treatment with LPS high 
levels of iNOS mRNA were induced while in control 



macrophages iNOS mRNA had declined to a low 
but detectable level. 

Upon lipopolysaccharide stimulation (1 ug/ml), 
Prabhu et al. (2002) found significantly higher 
iNOS transcript and protein expression levels with 
an increase in NO production in selenium-deficient 
RAW 264.7 cells than in the Se-complemented cells. 
Electrophoretic mobility-shift assays, nuclear 
factor-xB-luciferase reporter assays and Western 
blot analyses indicated that the increased expres- 
sion of iNOS in Se deficiency could be due to an in- 
creased activation and consequent nuclear localiza- 
tion of the redox- sensitive transcription factor NF- 
xB. 

Co-cultivation of mouse RAW264.7 macrophages 
stimulated with interferon-y + lipopolysaccharide 
with human lymphoblastoid TK6 and Chinese 
hamster ovary AA8 cells resulted in a significant in- 
crease in mutant fraction in the endogenous genes 
of target cells and in the macrophages themselves, 
accompanied by a substantial decrease in cell viab- 
ility (Zhuang et al. 2002). Addition of N-methyl-L- 
arginine abrogated much of the cytotoxicity and ge- 
notoxicity in both target and macrophage cells, 
verifying the role of ’NO in the induction of these 
responses. 

The human iNOS gene, containing 26 exons, ex- 
codes a protein of 131 kDa. Alternative messenger 
splicing from a single transcript allows for the gene- 
ration of various forms of mRNA that can be trans- 
lated into different protein products. These may 
have distinct functions and regulatory properties. 
Eissa et al. (1996) identified four sites of alternative 
splicing which included deletion of: i) exon 5; ii) ex- 
ons 8 and 9; iii) exons 9, 10 and 11; and iv) exons 15 
and 16. Deletion of exon 5 (149 bases) leads to a 
translational frame shift and a premature stop co- 
don in exon 6 predicting a truncated protein. 

iNOS cDNA was cloned and characterised from 
CD-I mice 4 days after an intraperitoneal injection 
of thioglycollate broth after incubation of isolated 
peritoneal macrophages for 16 h with IFN-y (10 ng/ 
ml) and lipopolysaccharide (1 ug/ml) (Xie et al. 
1992). 

Activation of the peroxisome proliferator-activ- 
ated receptor-y reduced proinflammatory cytokine 
and iNOS expression in macrophages (Lemberger 
et al. 1996, Colville-Nash et al. 1998, Ricote et 
al. 1998), microglial cells (Petrova et al. 1999), and 
monocytes (Jiang et al. 1998, Combs et al. 2000). 

The amino acid sequence of mouse macrophage 
iNOS is only 51 % identical to the deduced sequence 
of rat cerebellar constitutive nitric oxide synthase 
(cNOS) (Bredt et al. 1991). 

Constitutive nitric oxide (cNOS) was produced 
by naive unstimulated rat alveolar macrophages 
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(Miles et al. 1998). Using antibodies against two 
known types of cNOS, i.e., eNOS and bNOS, and an 
antibody against iNOS, positive results were ob- 
tained with the anti-eNOs antibody only. The 
amount of ‘NO formed was much less than that 
produced by eNOS in other cells, i.e., alveolar 
type II cells and endothelial cells. Some properties 
of the alveolar macrophage eNOS are similar to and 
some are different from the eNOS in these other cell 
types. Alveolar macrophage 'NO levels do not seem 
to be related to cellular metabolism. ‘NO produc- 
tion was increased approximately threefold in the 
presence of dipalmitoyl phosphatidylcholine vesic- 
les or pulmonary surfactant. 

Type III (endothelial) NOS was detected by im- 
munoperoxidase staining of bronchoalveolar lavage 
cytospins and normal human and rat lung tissue 
cryostat sections (Kobzik et al. 1996). In >90% of 
alveolar macrophages positive labelling was found 
by two separate monoclonal anti-type III NOS anti- 
bodies. Using cytofluometry to measure the effects 
of NOS substrate, L-arginine (1-5 mM), on intra- 
cellular basal or phorbol 12-myristate 13-acetate 
(2 x 10 -7 M)-stimulated oxidative metabolism, l- 
arginine, but not its inactive stereoisomer, d- 
arginine caused a substantial, dose-dependent de- 
crease in intracellular oxidation of dichlorofluores- 
cin. Since nitric oxide can reversibly inhibit mito- 
chondrial respiration, Kobzik et al. (1996) hypothe- 
sised that type III NOS in alveolar macrophages 
may function to modulate mitochondrial-derived 
reactive oxygen species production and redox- 
based signalling. 

NOS enzymes are multidomain proteins consist- 
ing of an NH 2 -terminal oxygenase domain that con- 
tains the active site, a COOH-terminal reductase 
domain that shuttles electrons from NADPH to the 
heme iron (Sheta et al. 1994, Stuehr 1997), and a 
central calmodulin domain that governs electron 
flow between the two domains (Abu-Soud and 
Stuehr 1993). The NOS reductase domain shares 
sequence homology with the flavoenzyme, NADPH- 
cytochrome P450 oxidoreductase (EC 1.6. 2.4), the 
activating enzyme of the cytochrome P450 mono- 
oxygenase complex (Bredt et al. 1991). 

Apigenin and kaempferol were markedly active 
inhibitors of transcriptional activation of iNOS in 
the mouse macrophage cell line RAW 264.7, with 
IC 50 < 15 pM (Liang et al. 1999). In murine 1774- 
macrophages cyclosporin A (but not tacrolimus 
[FK506] at 1 pM was inhibitory when co-incubated 
with the inducing agent but not when the cells were 
treated with the immunosuppressant before or after 
the inducer (Dusting et al. 1999). Cyclosporin A 
suppressed expression of mRNA for the inducible 
NO synthase 2 in a concentration dependent man- 



ner when co-incubated with lipopolysaccharide ( E . 
coli serotype 0111:B4) as shown in RNA extracted 
from J774-macrophages and subjected to reverse 
transcription-polymerase chain reaction. 

For L-arginine supply to nitric oxide synthases 
by cationic amino acid transporters (CATs), Closs 
et al. (2000) studied mouse J774A1 macrophages 
and human EA.hy926 endothelial cells. CAT-1 was 
expressed in both cell types, whereas CAT-2B was 
only expressed in activated macrophages. Apparent 
K m values for transport of L-arginine in both cell 
types were consistent with the expression of the 
system y + carriers CAT-1 (and CAT-2B in macroph- 
ages). L-Arginine transport was Na + independent 
and sensitive to trans-stimulation. At 2 h prein- 
cubation of activated macrophages in 2 mM l- 
lysine (which is exchanged for L-arginine by the 
CATs) reduced the intracellular L-arginine concen- 
tration from 2 mM to 160 pM. At the same time, 
NOS II activity was completely abolished. NOS II 
activity could be restored with extracellular l- 
arginine. 

Cytochrome P450 (CYP; EC 1.14.14.1) 

CYPs (EC 1.14.14.1) are a multiple family of consti- 
tutive and inducible enzymes that play a control 
role in the metabolic activation and detoxification 
of various xenobiotics, including small molecular 
weight compounds that cause allergic reactions. 
Baron et al. 1998) demonstrated that human blood 
monocytes and monocyte-derived macrophages 
constitutively express P450 isoenzymes. Of particu- 
lar interest is the strong and constitutive expression 
of CYP1B1 in monocytes and macrophages de- 
monstrated both on the mRNA and protein levels. 
CYP1B1 is the only gene of the CYP IB gene family 
which has been mapped in the human chromosome 
2p21-22, which contains three exons and two in- 
trons, and is present especially in extrahepatic tis- 
sues (Sutter et al. 1994, Tang et al. 1996). 

Macrophage subtype 27E10, which has been 
shown to possess pro-inflammatory activity 
(Zwadlo et al. 1986, Bhardwaj et al. 1992), ex- 
pressed 1B1, 2E1, and 2B6/7 (Baron et al. 1998). on 
the other hand, in the anti-inflammatory macro- 
phage subtype RM3/1, predominantly 1B1 and to 
some extent 2B6/7 were found. Treatment with cyc- 
losporin A, phenobarbital, benzanthracene or etha- 
nol resulted in induction of the expression of 3A3/4. 
Cyp 1B1 was the predominant isoenzyme in all 
monocytes and macrophages. In monocytes puri- 
fied by adherence or induced by benzanthracene, li- 
popolysaccharide or 12-O-tetradecanoyl-phorbol- 
13-acetate, 1A1 was also expressed. 
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Prostaglandin H Synthase (EC 1.14.99.1) 

Prostaglandin H synthases, also called cyclooxyge- 
nases, catalyse the two first steps in the biosynthesis 
of prostanoids such as prostaglandin and throm- 
boxane. These membrane-linked enzymes exhibit 
heme-dependent cyclooxygenase and peroxidase ac- 
tivities which are responsible for the regio- and ste- 
reospecific synthesis of prostaglandin hydroxyendo- 
peroxide PGH 2 from arachidonic acid. As with ribo- 
nucleotide reductase and photosystem II, prostag- 
landin H synthases proceed via radical chemistry. 
The enzymatic reaction begins with the removal of 
the 13 -pro S hydrogen atom of arachidonic acid to 
create a carbon-centred radical. A free radical chain 
transfer reaction then allows the addition of a first 
molecule of dioxygen on Cn- A subsequent intramo- 
lecular cyclisation leads to a cyclic endoperoxide. In- 
corporation of a second molecule of dioxygen in C 15 
followed by the transfer of one hydrogen atom back 
to the substrate results in the formation of the cyclic 
hydroperoxyendoperoxide PGG 2 . The second step of 
the enzymatic reaction performed by the peroxidase 
activity involves a two-electron reduction of PGG 2 to 
the cyclic hydroxyendoperoxide PGH 2 . 

The tyrosyl radical has been shown to be in- 
volved in the initiation of the cyclooxygenase reac- 
tion, since it is able to generate an arachidonyl rad- 
ical from arachidonic acid under anaerobic condi- 
tions (Tsai et al. 1995, 1998). Addition of dioxygen 
to this substrate-radical-bearing enzyme resulted in 
the regeneration of the tyrosyl radical, completing 
cyclooxygenase turnover. The crucial role of Tyr 385 
in prostaglandin H synthase- 1 (Tyr 371 in prostaglan- 
din H synthase-2) in the catalytic mechanism was 
demonstrated using chemical modifications of ty- 
rosine residues with tetranitromethane, peptide 
mapping and also by site-directed mutagenesis ex- 
periments (Shimokava et al. 1990, Tsai et al. 1998). 

Vitamin E (30 ppm) inhibited cyclooxygenase 
activity in macrophages from old mice by reducing 
peroxynitrite production (Beharka et al. 2002). In- 
creasing 'NO levels alone using S-nitroso-N-acetyl- 
penicillamine or 0 2 ’“ levels, using xanthine/xan- 
thine oxidase, had no effect; however, increasing 
peroxynitrite levels using SIN-1 or xanthine/xan- 
thine oxidase + S-nitroso-N-acetyl-penicillamine 
significantly increased cyclooxygenase activity in 
macrophages from old mice fed 500, but not those 
fed 30 ppm vitamin E. 

Desferrioxamine, an iron chelator, upregulated 
cyclooxygenase-2 expression and prostaglandin 
production in a human macrophage cell line, U937 
(Tanji et al. 2001). 

Aqueous cigarette tar extracts increased pros- 
taglandin H synthase activity in isolated rat pul- 



monary alveolar macrophages 3-fold above the ini- 
tial activity within 2 h of incubation and gradually 
decreased it below the initial activity after 8 h of in- 
cubation (Hwang et al. 1999). 

Procainamide induced prostaglandin H syn- 
thase-2 in mouse peritoneal macrophages (Goebel 
et al. 1999). 

In RAW 264.7 macrophages, lipopolysaccharide- 
induced cyclooxygenase-2-dependent synthesis of 
prostaglandin E 2 was suppressed by aspirin (IC 50 = 
5.35 uM), whereas no significant inhibition was ob- 
served in the presence of sodium salicylate and the 
salicylate metabolite salicyluric acid at concentra- 
tions up to 100 pM (Hinz et al. 2000). However, the 
salicylate metabolite gentisic acid (2,5-dihydroxy- 
benzoic acid; 10-100 pM) and salicyl-coenzyme A 
(100 pM), the intermediate product in the forma- 
tion of salicyluric acid from salicylic acid, signifi- 
cantly suppressed LPS-induced PGE 2 production. In 
contrast, y-resorcylic acid (2,6-dihydroxybenzoic 
acid) as well as unconjugated coenzyme A failed to 
affect prostanoid synthesis, implying that the para- 
substitution of hydroxyl groups and the activated 
coenzyme A thioester are important for cyclooxy- 
genase-2 inhibition. 

9.2.3. 1.7 

Oxidoreductases with Superoxide Radical 
as Acceptor 

The superoxide dismutases are a family of enzymes 
responsible for metabolising superoxide free radical 
(0 2 ’~) to produce hydrogen peroxide and water. 
Three types of SOD are found in mammalian sys- 
tems: mitochondrial Mn-SOD, cytosolic CuZn- 
SOD, and extracellular SOD (Marklund 1984, 
Zelko et al. 2002). 

Superoxide dismutase (EC 1.15.1.1) 

2 07+2H+— + [128] 

The ability of the CuZn-SOD to stimulate oxidation 
of substrates in the presence of H 2 0 2 was first re- 
ported by Hodgson and Fridovitch (1975). The 
formation of carbonate (Goss et al. 1999) and nitro 
radicals (Zhang et al. 1999) which carry the oxidis- 
ing power out of the active site, accounts for the 
“peroxidase’ activity of the dismutase. The forma- 
tion of the copper oxidant at the active site has been 
examined by Jewett et al. (1999) in terms of the se- 
quence of the events leading to inactivation through 
2-oxohistidine formation, copper(I) loss, site- 
specific and random peptide fragmentation, and in- 
activation: 
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2 Cu + + H 2 0 2 -*-►2 Cu + + 0 2 + 2 [H + ] [159] 

Cu+ + H 2 0 2 — ► (CuOH) 2+ + OH- [160] 

(Cu 0H) 2+ HC0 3 - — »~HC0i+H 2 0 [161] 

CuZn-SOD is an iron-regulated protein in Aspergil- 
lus nidulans and A.fumigatus (Oberegger et al. 
2000). After 24 h growth under iron deplete condi- 
tions, this 16-kDA protein was approximately 5-fold 
upregulated. 

CuZn-SOD IgGi immune complexes induced a 
Fcy-dependent intracellular delivery of the anti- 
oxidant enzyme in IFN-v-activated murine J774 
macrophages (Vouldoukis et al. 2000). The con- 
comitant stimulation of the Fcy-receptor and the 
translocation of the SOD1 in the cytoplasm of IFN- 
y-activated macrophages not only reduced the pro- 
duction of superoxide anion but also induced the 
expression of iNOS and the related 'NO production. 
This inducing effect in the absence of superoxide 
anion production reduced mitochondrial damage 
and cell death by apoptosis and promoted the intra- 
cellular antioxidant armature. 

At constant peroxide, nitrite and azide only par- 
tially protect the enzyme against loss of copper(I) 
and activation up to one anion per copper (Jewett 
et al. 2000). 

Peroxynitrite reacts with CuZn-SOD to form a 
complex that selectively nitrates other proteins (Is- 
chiropoulos et al. 1992). The Fe-SOD and Mn- 
SOD also catalyse nitration, but are slowly inactiv- 
ated by peroxynitrite. The CuZn-SOD is not ap- 
preciably inactivated by the reaction with peroxy- 
nitrite. While the copper was necessary for nitra- 
tion, the active site of superoxide dismutase could 
by modified to reduce the superoxide scavenging 
activity, but not significantly affecting the nitrating 
activity. For example, the essential amino acid argi- 
nine 141 which hydrogen bonds to the superoxide 
in the active site can be covalently modified with 
phenylglyoxyl with a 90 % loss in superoxide sca- 
venging activity (Beyer et al. 1987). 

Mutation in CuZn-SOD causes 25 % of familial 
amyotrophic lateral sclerosis cases. Liu et al. (2000) 
examined one such mutant, His46Arg, which has no 
superoxide dismutase activity yet presumably re- 
tains the gain-of-function activity that leads to dis- 
ease. They demonstrated that Cu 2+ does not bind to 
the copper-specific catalytic site of His46Arg CuZn- 
SOD and that Cu 2+ competes with other metals for 
the zinc binding site. Most importantly, Cu 2+ was 
found to bind strongly to a surface residue near the 
dimer interface of His46Arg CuZn-SOD. Cysteine 
was identified as the new binding site on the basis 
of multiple criteria including UV-visible spectros- 



copy, resonance Raman spectroscopy and chemical 
derivatization. Cysteine 111 was pinpointed as the 
position of reactive ligand by tryptic digestion of 
the modified protein and by mutational analysis. 

Extracellular superoxide dismutase mRNA ex- 
pression was demonstrated in the alveolar mac- 
rophages of four patients undergoing surgical re- 
sections for carcinoma and carcinoid tumour, re- 
spectively (Su et al. 1997). 

Analysis of a series of chimeric and point mut- 
ated extracellular SODs showed that the N-terminal 
region contributes to the oligomeric state of the ex- 
tracellular SODs, and that a single amino acid, a va- 
line ( human amino acid position 24), is essential for 
the tetramerization (Carlsson et al. 1996). This re- 
sidue is replaced by an aspartate in the rat. Rat ex- 
tracellular SOD carrying an Asp — > Val mutation is 
tetrameric and has a high heparin affinity, while 
mouse extracellular SOD with a Val — > Asp muta- 
tion is dimeric and has lost its high heparin affinity. 

9. 2. 3. 2 
Transferases 

Histamine O-methyltransferase (EC 2.1. 1.8) is pres- 
ent in human monocytes at a mean concentration 
of 10.08 nM/h/mg protein (Zeiger et al. 1976). 

0 6 -Alkyiguanine-DNA-alkyltransferase (EC 
2.1.1.63) activity of alveolar macrophages isolated 
from male New Zealand White rabbits was 15.81 
fM/10 6 cells (Deilhaug et al. 1985). 

y-Glutamyl transferase (EC 2. 3. 2. 2), a glycopro- 
tein enzyme widely distributed on cell surfaces, ca- 
talyses the conversion of leukotriene C 4 to leukot- 
riene D 4 . Since LTD 4 is biologically much more pot- 
ent than LTC 4 (Lewis and Austen 1984, Piper 
1984), the partial degradation of the glutathione 
moiety to the cysteinylglycine derivative LTD 4 may 
be considered a biosynthetic reaction generating 
the ligand for the LTD 4 /LTE 4 receptor. 

Radical scavenging effects of leukotrienes 

LTD 4 > LTC 4 > LTB 4 

y-Glutamyltransferase was found by Ohlsson et al. 
(1982) in canine alveolar macrophages gained by 
broncho-alveolar lavage and cultured in medium 
199. The activity of the enzyme was Ca 2+ -dependent 
and did not increase after preincubation with 
thrombin. The incorporation of [ 14 C]putrescine into 
casein catalysed by this transferase was partially in- 
hibited by small concentrations of monodansylthia- 
cadaverine. 

R-Glutaminyl-peptide : amine y-glutamyltrans- 
ferase (EC 2.3.2.13) activity increased during the 
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course of differentiation of immature human mye- 
loblastoid Ml" to mature Ml + cells more than 10- 
times (Kannagi et al. 1982). 

Glutathione S-transferase (EC 2.5.1.18) 

Glutathione S-transferase (EC 2.5.1 .1 8) 

RX + Glutathione — »~HX + R-S-G [129] 

The glutathione S-transferases are a group of enzy- 
mes, which catalyse the nucleophilic attack of GSH 
to many kinds of electrophiles (Mannervik and 
Danielson 1988). Most of glutathione S-transfer- 
ase isoenzymes localize in the cytoplasm and are 
classified into 3 groups: class a, /i and jt. Human 
glutathione S-transferase jt can be selectively re- 
duced by hydrogen peroxide (Tamai et al. 1990). 
Rat class // enzymes were activated by the xanthine- 
xanthine oxidase system (Murata et al. 1990). 

Glutathione S-transferase activity in pulmonary 
alveolar macrophages obtained from 1 1 patients by 
bronchoalveolar lavage was 0.22 ± 0.12 nmol/min 
x mg protein (Petruzzelli et al. 1988). Glutathi- 
one S-transferase activity was 0.31 ± 0.12 nmol/min 
x mg protein in non-smokers and 0.14± 0.07 nmol/ 
min x mg protein in smokers ( P <0.001). 

Adenosine kinase (ATP : adenosine 5’-phospho- 
transferase, EC 2.7.1.20) activity in 2-week human 
pulmonary alveolar macrophage cultures obtained 
from cigarette smokers (one to three packs per day) 
exhibited significant substrate inhibition with in- 
creasing adenosine concentrations (Zuckerman 
and Douglas 1980). 

Phosphofructokinase (EC 2.7.1.30) catalyses the 
phosphorylation of fructose-6-phosphate to fruc- 
tose- 1,6-biphosphate as the key regulatory enzyme 
of glycolysis. Inhibition of phosphofructokinase by 
adenosine triphosphate and its activation by aden- 
osine monophosphate and inorganic phosphate is 
held responsible for the induction of the Pasteur ef- 
fect (for review see Ramaiah 1974). 

9. 2. 3. 3 

Hydrolases 

Phospholipases A 2 (EC 3. 1.1.4) hydrolyse the fatty 
acyl ester bond at the sn-2 position of membrane 
phospholipids to yield free fatty acids such as ara- 
chidonic acid. Recognised isoforms include: i) low 
molecular weight, 14 kDa proteins that are inhi- 
bited by reducing agents, require calcium for acti- 
vation and exhibit no preference for the hydrolysis 
of arachidonic acid vs. other fatty acids; ii) cyto- 
solic, an 85 kDa protein that is resistant to reducing 
agents, calcium- requiring and preferentially hydro- 
lysed arachidonic acid; and iii) calcium-indepen- 



dent phospholipase A 2 , which is non-reducible and 
exhibits no preference for arachidonic acid hydroly- 
sis, Rat alveolar macrophages obtained by bron- 
choalveolar lavage, disrupted by dounce homogen- 
ization and fractioned to yield 4 subcellular frac- 
tions (cytosolic, non-nuclear particulate, nuclear 
particulate and nuclear soluble). The 85 kDa pro- 
tein was found only in the cytosolic and non- 
nuclear particulate fractions, whereas the 14 kDa 
protein was demonstrated in non-nuclear particul- 
ate and nuclear particulare fractions and the non- 
arachidonic acid selective calcium-independent 
isoenzyme activity was found only in the non- 
nuclear particulate fraction (Ojo and Peters- 
Golden 1996). 

Freund’s adjuvant (1.4-140 ul/25 x 10 6 peritoneal 
exudate cells of mice) induced a significant activa- 
tion of phospholipase A (Munder et al. 1973). 

Triacylglyceroprotein acylhydrolase (EC 
3.1.1.34) was secreted by human blood monocytes 
and New Zealand White rabbit alveolar macroph- 
ages cultivated in vitro (Mahoney et al. 1982). 

Alkaline phosphatase (EC 3. 1.3.1) was visualised 
(Ca-Co method of Gomori 1939) in guinea pig pe- 
ritoneal macrophages cultivated in vitro (Rilke 
and Kessel 1963). In human skin window mac- 
rophages, however, Leder and Nicolas (1963) and 
Nicolas and Leder 1965) were unable to detect 
this enzyme using Kaplow’s (1955) technique. 

Acid phosphatase (EC 3. 1.3. 2) is the classic lyso- 
somal enzyme. The lead substitution method has 
localised acid phosphatase in the phagosomes of 
macrophages (Cohn and Wiener 1963) and can be 
used for electron microscopy. 

Tartrate-resistant acid phosphatase is character- 
ised for activated macrophages (Efstratiadis and 
Moss 1985). Tartrate-resistant acid phosphatase 
contains a binuclear iron centre that has been 
shown to generate reactive oxygen species. Raisa- 
nen et al. (2001) showed that the murine 
macrophage-like cell line RAW-264 overexpressing 
tartrate-resistant acid phosphatase produced el- 
evated levels of hydroxyl radicals compared to pa- 
rental cells. 

5’-Nucleotidase (EC 3. 1.3. 5) hydrolyses the phos- 
phoester linkage in 5’-mononucleotides, liberating 
a nucleoside and inorganic phosphate. It has been 
identified as an ecto enzyme (Edelson 1980) in 
mouse alveolar macrophages (James and Edel- 
son). 

Alkaline phosphodiesterase I (EC 3. 1.4.1) hydro- 
lyses polyribonucleotides or oligodeoxyribonucleo- 
tides which have a free 3’-OH group, sequentially li- 
berating 5’-nucleoside monophosphate (Khorana 
1961). This enzyme has been recognised as a com- 
ponent of the plasma membrane of rabbit alveolar 
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macrophages (Wang et al. 1976). In mouse perito- 
neal macrophages the specific activity of the en- 
zyme was from two to fourfold higher in 
thioglycollate-stimulated cells than it was in any of 
the other macrophage varieties examined. Alkaline 
phosphodiesterase I levels per square micrometer 
of cell surface area were increased in certain frac- 
tions of line 66 vs. those of lines 168 and 67 of 
mouse mammary tumour-associated macrophages 
(Mahoney et al. 1983). 

Cyclic 3’,5’-Adenosine Monophosphate Phos- 
phodiesterase (EC 3.1.4.17) 

Two of the seven cyclic nucleotide phosphodies- 
terase gene families PDE3 and PDE4, have a high 
affinity of cAMP and are specifically inhibited by ci- 
lostamide and rolipram, respectively. Using these 
inhibitors in assays with 0.1 pM [ 3 H]cAMP as sub- 
strate, Gao et al. (1996) found PDE3 activity 

> PDE4 in primary blood macrophage cultures and 
in a human monocyte cell line THP-1, whereas in 
cultured U937 mononuclear cells, PDE4 >> PDE3. 

Using reverse transcription and polymerase 
chain reaction, Gao et al. (1997) identified mRNAs 
of PDE3 and PDE4 subtypes in human inflamma- 
tory cells, including T lymphocytes, NK lymphocy- 
tes, B lymphocytes, human peripheral monocytes 
and macrophages, Jurkat T cells and cultured hu- 
man mononuclear cells U937 and THP-1. PDE3B, 
but not PDE3A, mRNA was expressed in all these 
cells except in B lymphocytes and U937 cells, which 
also exhibited low PDE3 activity (assays with 0.1 pM 
[ 3 H]cAMP as substrate. In fresh peripheral elutri- 
ated monocytes, PDE4 > PDE3, whereas PDE3 

> PDE4 in macrophages. mRNA for all PDE4 iso- 
enzymes were present in U937 and T lymphocytes. 

Arylsulphatase (EC 3. 1.6.1) from a 96 h rabbit 
peritoneal exudate macrophage was present in seg- 
ments of the rough endoplasmic reticulum, and 
perinuclear cisterna as well as within numerous 
small vesicles in the Golgi region, probably corre- 
sponding to secondary lysosomes (Nichols et al. 
1971, Davies and Bonney 1980). 

Glucosaminidase (EC 3.2.1.17): Lysozyme 

Lysozyme (EC 3.2.1.17, mucopeptide N-acetyl- 
muramoyl hydrolase or muramidase) catalyses hy- 
drolysis of a |3(1^4)-glycosidic linkages of polysac- 
charide component of the peptidoglycan (mucopo- 
lymer of the bacterial cell wall), which is composed 
of alternating N-acetylmuramic acid and N-acetyl- 
glucosamine residues with alternating (3(1 — >4) and 
|3( 1 — s-6) linkages, cross-linked with peptide chains. 
The hydrolytic action of lysozyme gives rise to dis- 
accharide units attached to the peptide chains 
called muropeptides. 

High concentrations of lysozyme were found in 
monocytes (Schmalzl and Braunsteiner 1970, 



Gordon et al. 1974) and alveolar macrophages 
(Myrvik et al. 1961, Cohn and Wiener 1963, 
Heise and Myrvik 1967, Leake and Myrvik 1968, 
McClelland and van Furth 1975). Lysozyme is 
considered to be one of the constitutive enzymes of 
the macrophages (Gordon et al. 1974, Gordon 
1978). It is the major secretory product and forms 
about 25 % of the extracellularly secreted protein of 
macrophages. 

Hen and turkey egg-white lysozymes differ by 
seven amino acids but have very similar tertiary 
structures (Sarma and Bott 1977). Azide radicals 
(N 3 *) react first only with tryptophan residues 
(Prutz and Land 1979, Prutz et al. 1980), giving 
an indolyl type radical. Tyrosine residues are then 
oxidised by a long-range intramolecular electron 
transfer to tryptophan, followed by dimerization. 
Using N 3 * free radicals, the initial yields of dimer- 
ization are equal to (8.6 ±0.7) x 10' 9 mol J' 1 for both 
proteins (Audette et al. 2000). Using HO* free rad- 
icals, they become equal to (1.23 + 0.1) x 10~ 8 and 
(4.42±0.1) x 10“ 8 mol J -1 for hen and turkey egg- 
white lysozymes, respectively (v radiolysis). 

p-Glucuronidase (EC 3.2.1.31) 

Epoxide hydrolase (EC 3. 3. 2. 3) activity in pulmon- 
ary alveolar macrophages obtained from 1 1 patients 
by bronchoalveolar lavage was 0.24+ 0.10 nmol/ 
min x mg protein (Petruzzelli et al. 1988). Epox- 
ide hydroxylase activity was 0.16+ 0.02 nmol/min 
x mg protein in non-smokers and 0.31 ± 0.08 nmol/ 
min x mg protein in smokers (P <0.001). 

Leucine aminopeptidase (EC 3.4. 1.2) is a plasma 
membrane-bound enzyme present on macrophages 
(Wachsmuth and Stoye 1977). 

Angiotensin converting enzyme (EC 3.4.15.1) is 
a membrane-bound ectoenzyme of human blood 
monocytes augmented by dexamethasone in a bi- 
phasic dose-dependent manner with maximum ef- 
fect after 6 days in culture at 10' 8 M concentration 
(Vuk-Pavlovic et al. 1989). In a pure population of 
human alveolar macrophages obtained by centrifu- 
gal elutriation of bronchoalveolar lavage fluid from 
7 sarcoid patients the distribution pattern of angio- 
tensin converting enzyme closely resembled that of 
NADPH-cytochrome-c-reductase and sialyltrans- 
ferase, markers of the endoplasmic reticulum and 
the Golgi complex, respectively, indicating a com- 
mon localisation (Eklund et al. 1987). 

Cathepsin B (EC 3.4.22.1), a lysosomal cysteine 
endopeptidase was localised in human alveolar 
macrophages by the indirect peroxidase- 
antiperoxidase technique (Burnett et al. 1983). 
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Gelatinase B (EC 3.4.24.35) 

This 92-kDa gelatinase (= matrix metalloproteinase 
9 = type V collagenase = 92-kDa type IV collagen- 
ase = macrophage collagenase) is similar to colla- 
genase A, but possesses a further domain. It is ex- 
pressed in macrophages and eosinophils. Stimul- 
ated neonatal alveolar macrophages secreted four to 
five times more gelatinase than stimulated adult al- 
veolar macrophages (Delacourt et al. 1995). After 
stimulation by phorbol 12-myristate 13-acetate, De- 
lacourt et al. (1997) observed a dose-dependent 
increase in gelatinase secretion that was signifi- 
cantly more marked in alveolar macrophages from 
6-day-old rats than in alveolar macrophages from 
adult rats and that was inhibited by the protein ki- 
nase C inhibitor calphostin C. Adenosine 3’, 5’- 
cyclo-monophosphate mimetics or concanavalin A 
failed to induce an increase in gelatinase secretion 
by alveolar macrophages. 

Characterisation of matrix metalloproteinase 
production by isolated lung fibroblasts, endothelial 
cells, type II epithelial cells, and alveolar macroph- 
ages revealed that only the macrophage has the 
same spectrum for matrix metalloproteinase activ- 
ity as seen in the bronchoalveolar lavage fluids in 
lipopolysaccharide-induced acute lung injury in 
Long-Evans rats (Gibbs et al. 1999). 

Concomitant treatment with catalase (EC 
1.11.1.6) greatly inhibited metalloproteinase 9 pro- 
duction by rat alveolar macrophages in response to 
immune complexes, but this treatment had little ef- 
fect on basal production of either metalloproteinase 
9 or metalloproteinase 2 by macrophage (Warner 
et al. 2000). 

Arginase (EC 3.5.3. 1) catalyses the thermody- 
namically favoured hydrolysis of L-arginine to l- 
ornithine and urea, whereas nitric oxide synthase 
(EC 1.14.13.39) catalyses the oxidation of L-arginine 
to L-citrulline and 'NO with formation of the inter- 
mediate N“’-hydroxyl-L-arginine (Kerwin et al. 
1995). At least two distinct arginase genes are cod- 
ing for immunologically distinct isoforms (Gotoh 
et al. 1996, Vockley et al. 1996, Jenkinson et al. 
1997, Perozich et al. 1998). In cells possessing an 
inducible nitric oxide synthase in addition to an ac- 
tive arginase, W-hydroxy-nor- L-arginine appears 
as an attractive pharmacological tool to study pos- 
sible interactions between these two pathways. 

Arginase was induced in resident mouse perito- 
neal macrophages of male B 6 D 2 Fi mice in vitro by 
two nondialyzable factors contained in sera from 
man , rat, mouse and calf (Jakway et al. 1980). 

The incubation of resident peritoneal macroph- 
ages with bacterial lipopolysaccharide induced high 
arginase activity as judged by the consumption of 



14 C (U) -L-arginine and the release of labelled orni- 
thine into the cell supernatant (Kriegbaum and 
Droge 1985). 

The simultaneous presence of iNOS and arginase 
may play an important regulatory role, through the 
control of "NO production, in lipopolysaccharide- 
activated macrophages (Chang et al. 1998). Rou- 
zaut et al. (1999) reported that monocytes, enter- 
ing a process of activation and differentiation, re- 
sponded with a differential expression of mRNAs 
corresponding to iNOS and arginase II and showed 
different arginase and NOS enzyme activities. An 
increase in arginase II expression seemed to rescue 
monocytes from apoptosis, whereas the down- 
regulation of arginase II, concomitant with an up- 
regulation of iNOS, led to apoptosis. 

V’-Hydroxy-nor-L-arginine is much more po- 
tent than N“’-hydroxy-L-arginine to inhibit murine 
macrophage arginase and neither induces nor inhi- 
bits NOS (Tenu et al. 1999). 

In cultured DBA/2 mouse peritoneal macroph- 
ages pre-treated with supernatants of concanavalin 
A-stimulated spleen cells containing immune inter- 
feron (IFN-y) activity, the acquisition of an 
intrinsic restriction to herpes simplex virus replica- 
tion correlated with the generation of appreciably 
elevated levels of arginase in supernatant (Sethi 
1983), 

Adenosine deaminase (adenosine aminohydro- 
lase; EC 3. 5. 4.4) catalyses the deamination of aden- 
osine and deoxyadenosine. Thioglycollate- 
stimulated C57BL/6 mouse peritoneal macrophages 
contained high levels of adenosine deaminase activ- 
ity (Chan 1979). In the presence of deoxycoformy- 
cin (1 ug/ml), a potent inhibitor of adenosine dea- 
minase (Agarwal et al. 1977), thioglycollate- 
stimulated mouse peritoneal macrophages excreted 
deoxyadenosine (Chan 1979). 

Ca 2+ -dependent adenosine triphosphatase (EC 
3.6. 1.3) of a plasma membrane fraction isolated 
from lysates of Bacillus Calmette-Guerin-induced 
rabbit alveolar macrophages was markedly stimul- 
ated by concentrations of Ca 2+ from 6xl0 -8 to 
1 x 10" 5 M, with an apparent K m (Ca 2+ ) of 1 x 10 -6 M 
(Gennaro et al. 1979). ATPase activity and phos- 
phorylation by [y- 32 P] ATP of isolated plasma 
membrane of alveolar macrophages were stimul- 
ated in a parallel fashion by physiologic concentra- 
tions of Ca 2+ , with half-maximal activating effect of 
this ion at (3-7)xlO“ 7 M (Schneider et al. 1979). 
For various membrane preparations, a direct pro- 
portionality existed between Ca 2+ -dependent AT- 
Pase activity and amount of 32 P incorporated. 

Mg 2+ -dependent adenosine triphosphatase (EC 
3. 6. 1.3) activity of the rabbit alveolar macrophage 
actomyosin plus cofactor, whether assembled from 
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purified components or studied in a complex col- 
lected from crude macrophage extracts, was not in- 
fluenced by the presence or absence of calcium ions 
(Stossel and Hartwig 1975). 

9. 2. 3.4 

Lyases 

Guanylate cyclase (EC 4. 6. 1.2) obtained from the cy- 
tosol of murine bone marrow macrophages which 
were cultured for 7 days in Teflon bags and seeded on 
culture plates was activated in a concentration- 
dependent manner and synergistic mode by l- 
arginine and NADPH (Mulsch et al. 1991). Activa- 
tion was not observed with D-arginine or NADH, in 
accordance with the specific requirements for the 
oxidative L-arginine pathway (Marletta et al. 1988). 
'NO synthesis in murine peritoneal macrophages 
(Marletta et al. 1988) and bone marrow macro- 
phages (Mulsch et al. 1991) was Ca 2+ -independent. 

Rat growth hormone in vitro enhanced soluble gu- 
anylate cyclase activity in the lungs of 15-day-old 
Sprague-Dawley rats; in 10 min of incubation the 
production of [a- 32 P]cGMP per mg protein signifi- 
cantly (P <0.001) increased from 1,760± 12 pmol in 
the control to 3,470 ±15 pmol and 3,608 ±13 under 
10 nM and 1 pM growth hormone, respectively 
(Vesely 1981). Heat-treated growth hormone caused 
no enhancement of guanylate cyclase activity. 

The guanylate cyclase inhibitor LY83583 inhi- 
bited human alveolar macrophage spreading and 
staining for cGMP-dependent protein kinase at the 
cell periphery (Pryzwansky et al. 1995). 

9.2.4 

Lipids 

The total lipid and protein content per cell after the 
differentiation of human blood monocytes to mac- 
rophages due to the increase in cell size increased by 
approximately four-fold (Visioli et al. 2000). The 
percentage of docosapentaenoic acid (22 : 5n-3) in- 
creased from 1.47 ±0.23 % to 2.93 ±0.32 % (P < 0.05) 
and that of docosahexaenoic (22:6n-3) acid from 
2.48 ±1.02% to 5.96 ±1.21% ( P <0.05), while lin- 
oleic acid decreased from 7.91 ± 1.54 ± to 3.24 ± 
1.23 %(P< 0.05). 

Rat alveolar macrophages contained only neutral 
fats but no complex lipids (Caulet et al. 1968). 

9.2.5 

Ascorbic Acid 

Ascorbic acid is able to scavenge reactive oxygen 
species as 0 2 '" (Nishikimi 1975), "HO (Bielski et al. 
1975) and '0 2 (Bodannes and Chan 1979). On the 



other hand ascorbic acid can reduce Fe 3+ to Fe 2+ and 
thus give rise to Fenton catalysis of H 2 0 2 to form 
HO'. 




Ascorbic acid Ascorbyl Dehydroascorbic 

radical acid 

Formation of the ascorbyl free radical [53] 



Dehydroascorbic acid, the two-electron oxidised 
form of the vitamin, is taken up on the glucose 
transporter and reduced to ascorbate to a much 
greater extent than ascorbate itself is accumulated in 
human monocytic U-937 cells (May et al. 1999). In 
contrast to dehydroascorbic acid, ascorbate enters 
the cells in a sodium- and energy-dependent trans- 
porter. 

Matzner (1938) detected ascorbic acid within 
the “detached alveolar phagocytes”, but not within 
the sessile alveolar wall cells. He supposed the den- 
sity of vitamin C load to be an indicator of the in- 
stantaneous performance of the cell. Occasionally 
the vitamin was located at the Golgi apparatus. The 
load with “real” granules varies extremely (Toepfer 
1961, p. 92). About 50 % of the ascorbic acid content 
of sliced rat lungs was removed in 2 min by washing 
with Krebs-phosphate solution suggesting that it 
was not intracellular (Willis and Kratzing 1974a). 
Ascorbic acid removed in this way was not present 
in alveolar macrophages since it remained in solu- 
tion when these cells were removed by centrifuga- 
tion. Since 30 % of the ascorbic acid of an intact lung 
could be removed by washing the air spaces it was 
concluded that about half the ascorbic acid in lung is 
present in the fluid lining the respiratory epithe- 
lium. Fresh mouse lung contained 368 ug/g of total 
(oxidised plus reduced) ascorbic acid of which 
75 pg/g was oxidised (Willis and Kratzing 1974c). 

Dehydroascorbic acid, the two-electron oxidised 
form of the vitamin, was taken up by human mono- 
cytic U-937 cells on the glucose transporter and re- 
duced to ascorbate to a much greater extent than as- 
corbate itself was accumulated in the cells (May et 
al. 1999). In contrast to dehydroascorbic acid, as- 
corbate entered the cells on a sodium- and energy- 
dependent transporter. Intracellular ascorbate en- 
hanced the transfer of electrons across the cell 
membrane to extracellular ferricyanide. Rates of 
ascorbate-dependent ferricyanide reduction was 
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saturable, fivefold greater than basal rates, and faci- 
litated by intracellular recycling of ascorbate. 
Whereas reduction of dehydro ascorbic acid con- 
centrations above 400 uM consumed reduced gluta- 
thione (GSH), even severe GSH depletion by 1- 
chloro-2, 4-dinitrobenzene was without effect on the 
ability of the cells to reduce concentrations of de- 
hydroascorbic acid likely to be in the physiologic 
range (<200 p,M). Dialysed cytosolic fractions 
from U-937 cells reduced dehydroascorbic acid to 
ascorbate in a NADPH-dependent manner that ap- 
peared due to thioredoxin reductase. However, thi- 
oredoxin reductase did not account for the bulk of 
dehydroascorbic acid reduction, since the activity 
was also decreased by treatment of intact cells with 
l-chloro-2, 4-dinitrobenzene. 



9.2.6 

Pantothenol 





Fig. 118. Beginning of the formation of a multinucleate giant 
cell by fusion of mononuclear alveolar phagocytes. Female 
white rat (breeder: Winkelmann, Borchen-Kirchborchen) 
medicated with 125 mg dexpanthenol in a 5 % aqueous solu- 
tion per kg body weight x day during a 5-day work week. 
Oral application took place from April 17 to August 14, 1967 
for a total of 82 days. Fixed on August 14, 1967 under methi- 
tural anaesthesia by intratracheal instillation of 2.5 % gluta- 
raldehyde in phosphate buffer (pH 7.4) before opening the 
thorax. Postfixation with 1 % osmium tetroxide in phosphate 
buffer (pH 7.4). Contrasted en bloc for 12 h with 0.5 % uranyl 
acetate in 70% ethanol. Embedded in a 2:8 mixture of me- 
thyl and butyl methacrylate. Sectioned at 50 nm. Lead citrate 
after Reynolds (1963). Plate 5/05 



Fig. 117. Plenty of mitochondria and free ribosomes in an al- 
veolar macrophage from a female white rat (breeder: Winkel- 
mann, Borchen-Kirchborchen) medicated with 125 mg dex- 
panthenol per (kg body weight x day) in a 5 % aqueous solu- 
tion during a 5-day work week. Oral application took place 
from April 17 to August 14, 1967 for a total of 82 days. Fixed 
on August 14, 1967 under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5% uranyl acetate in 70% ethanol. Em- 
bedded in a 2 : 8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
6/08 
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9.2.7 

Retinoids 




Fig. 119. Numerous autophagosomes and autophagolysoso- 
mes, respectively, in an alveolar macrophage polykaryon 
(block B22) from a ca. 235 g female white rat (breeder: Win- 
kelmann, Borchen-Kirchborchen) medicated with 125 mg 
dexpanthenol in a 5 % aqueous solution per kg body weight x 
day during a 5-day work week. Oral application took place 
from April 17 to August 14, 1967 for a total of 82 days. Fixed 
on August 14, 1967 under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in a 2 : 8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
3606 



The human promyelocytic leucaemia cell line, HL- 
60, can be induced to differentiate into granulocyte 
like cells when cultured in the presence of 10~ 6 M 
all-trans retinoic acid for several days (Ladoux et 
al. 1986). About 80 % of the viable cells (70 % of the 
total number of cells) reduced nitroblue tetrazo- 
lium. 

Retinoids failed to activate NADPH oxidase in 
dibutyryl cAMP differentiated HL-60 cells (Seifert 
and Schachtele 1988). In HL-60 cells retinoids 
have been found to potentiate formyl-methionyl- 
leucyl-phenylalanine-induced and phorbol myrist- 
ate acetate- induced 0 2 *“ formation (Seifert and 
Schachtele 1988). Using receptor specific retinoid 
analogues it was demonstrated that retinoid X 
receptor-retinoic acid receptor heterodimers medi- 
ate retinoid-induced differentiation of HL60 cells, 
while retinoid X receptor-retinoid X receptor ho- 
modimers mediate subsequent retinoid-mediated 
apoptosis (Nagy et al. 1995, Kizaki et al. 1996). 

In untreated U937 ( human monoblastic leucae- 
mia cell line) cells retinoid receptor-a mRNA levels 
increased after induction of differentiation via 
phorbol myristate acetate (Brown et al. 1997). Us- 
ing plasmids containing sense or antisense retinoid 
receptor-a sequences under the control of an 
inducible promoter, Brown et al. generated stable 
transfected cell lines which expressed either in- 
creased or decreased levels of retinoid X receptor-a, 
respectively. The sense cell lines showed an in- 
creased sensitivity to 9 -cis retinoid acid, while the 
antisense cell lines presented decreased sensitivity. 
Combined 9 -cis retinoic acid and la, 25-dihydroxy 



Fig. 120. Alveolar macrophage from a female 
rat (breeder: Winkelmann, Borchen-Kirch- 
borchen) which received daily intragastric 
applications of 82 mg retinol palmitate 
per kg body weight x day, 5 days per week 
from April 17 to June 20, 1967 for a total of 
42 days. Fixed on June 20, 1967 under methi- 
tural anaesthesia by intratracheal instillation 
of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. After 
washing in phosphate buffer the tissue was 
postfixed with 1 % osmium tetroxide in 
phosphate buffer for 2 h. Contrasted en bloc 
for 12 h with 0.5 % uranyl acetate in 70 % 
ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). 
Film 92671 
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vitamin D 3 exhibited significantly higher levels of 
phagocytosis of antibody-coated ovine erythrocy- 
tes (61 ±7 cpm) compared to MEP cells (U937 cells 
harbouring the pMEP4 expression plasmid without 
an insert; Hewison et al. 1994) (35 ±4 cpm). 

9.2.8 

Tocopherol 

As opposed to an initial human blood monocytic 
vitamin E content of 4.75 pmol/10 6 cells, macro- 
phagic vitamin E levels were undetectable (Visioli 
et al. 2000). 

Six hours after an intravenous application of 
30 mg of [ 3 H]tocopheryl nicotinate radioactivity 
was detected in rat alveolar macrophages (Gallo- 
Torres 1980). 




Fig. 121. Alveolar macrophage from a female rat (breeder: 
Winkelmann, Borchen-Kirchborchen), which received intra- 
muscular injection of 150 mg DL-a-tocopherol acetate in a 
colloidal solution (Ephynal®) per kg body weight x day, 
5 days per week from April 12 to June 12, 1967 for a total of 
40 days. Fixed on June 12, 1967 under methitural anaesthesia 
by intratracheal instillation of 2.5 % glutaraldehyde in phos- 
phate buffer (pH 7.4) before opening the thorax. Postfixation 
with 1 % osmium tetroxide in phosphate buffer (pH 7.4). 
Contrasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % 
ethanol. Embedded in a 2 : 8 mixture of methyl and butyl me- 
thacrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 275/03 



9.3 

Origin of Alveolar Macrophages 

In the preterm Macaca nemestrina (130-156 days 
of gestation), the number of alveolar macrophages 
is low and increases rapidly after birth (Jacobs et 
al. 1985). In foetal rabbits, macrophage appearance 
coincides with maturation of the lung near term 
and in the first days after birth (Zeligs et al. 1977, 
Sieger 1978). 

While monoblasts pinocytose very infrequently 
(Goud et al. 1975) promonoxytes (van Furth 
1978) and monocytes/macrophages (Cohn and 
Benson 1965, Cohn and Parks 1967, Ehrenreich 
and Cohn 1968, Bowden 1971, Edelson et al. 
1975, Kaplan and Nielsen 1978, van Furth 1978, 
1981, Von Melchner and Hilgard 1979, Kaplan 
and Keogh 1981, Papadimitriou and Van Brug- 
gen 1982, Burgert and Thilo 1983, Pratten and 
Lloyd 1983, Abrass 1988) do pinocytose avidly. 

9.4 

Secretion 

Macrophages, originally considered as mere sca- 
venger cells, are now respectfully regarded as one of 
the most productive cell population. First Carrel 
(1922) and Carrel and Ebeling (1922) in the 
chicken found that extracts of leukocytes secrete 
substances that determine the multiplication of fi- 
broblasts. 

From about 15 known activities in 1976 (Un- 
anue 1976) the list comprised approximately fifty 
substances in 1984 (Takemura and Webb 1984) 
and about one hundred products in 1987 (Nathan 
1987). Many substances formerly defined according 
to their biological activities, could now be pre- 
sented with accurate molecular definitions. 

In an attempt to identify novel molecules select- 
ively expressed by alternatively activated macro- 
phages, Kodelja et al. (1998) applied subtractive 
cloning methods and differential hybridisation and, 
finally, cloned a novel human CC-chemokine, alter- 
native macrophage activation-associated CC-chemo- 
kine-1 (AMAC-1). The AMAC-1 gene consists of 
three exons (Goerdt et al. 1999). Several putative 
regulatory sequences for interleukin 4- and inter- 
feron-y-dependent transcriptional pathways were 
found including STAT6 and STAT1 binding sites as 
well as several AP-1 and C/EBP elements. Interes- 
tingly, a combined STAT6/STAT1 binding element is 
located in the direct vicinity of the first putative 
transcription start point. Competitive binding of 
IL-4-induced STAT6 versus interferon-y-induced 
STAT1 to this site may explain the antagonistic ef- 
fects these cytokines exert on AMAC-1 expression. 
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9.4.1 

Polypeptide Hormones 

9.4.1. 1 

Interleukin 1 

The biological basis for interleukin- 1 was review by 
Dinarello (1996) giving 586 references. 

Three members of the interleukin- 1 family have 
been cloned (Dinarello 1996). All bind both types 
of receptors but only IL-la and IL- 1 (3 (encoded on 
chromosome 2) are agonists. The third is the inter- 
leukin 1 receptor antagonist protein (IRAP). All 
share 20-25 % amino acid homology. Mature IL-la 
and IL- 1 (3 have similar three-dimensional open bar- 
rel structures of (3 sheets. 

Interleukin- 1|3 is a potent immunomodulatory cy- 
tokine that is produced in large quantities by mono- 
nuclear phagocytes, and by other cells present in es- 
sentially all tissues. It affects cell targets by binding 
with high affinity to well-characterised cell-surface 
receptors. Murine IL- 1 (3 is initially synthesised as a 
33-kDa precursor protein that has no measurable 
affinity for the IL- 1 receptor and that carries no 
biological signal. This precursor protein is activated 
by proteolytic cleavage between Asp 117 and Val 118 . 
The C-terminal 17-kDa fragment represents the ma- 
ture IL- 1 13 protein with high receptor affinity. 

Although several different proteinases can cleave 
the IL- 1 (3 precursor in vitro, the natural cleavage of 
the IL- 1 (3 precursor in macrophages and monocytes 
occurs via the action of a novel cysteine proteinase 
designated the IL-1 (3-converting enzyme. 

There are two IL-1 receptors, the type I receptor 
transduces a signal, whereas the type II receptor 
binds IL-1 but does not transduce a signal. In fact, 
IL-1 receptor II acts as a sink for IL-1 (3 and has 
been termed a “decoy” receptor, which is somewhat 
unique to cytokine biology (Colotta et al. 1994). 
When IL-1 binds to IL-1 receptor I, a complex is 
formed that then binds to the IL-1 receptor access- 
ory protein, resulting in high-affinity binding 
(Greenfeder et al. 1995). 

An IL-1 receptor antagonist (IRAP) has been 
isolated and purified from activated monocytes. 
IRAP inhibits IL- 1 bioactivity by binding competi- 
tively at the IL-1 receptor (Eisenberg et al. 1990, 
Hannum et al. 1990, Mazzei et al. 1990). In vitro 
IRAP can attenuate IL-1 -dependent fibroblast pro- 
liferation, collagenase synthesis, and prostaglan- 
din E 2 release (Hannum et al. 1990). IRAP suppres- 
sed IL-1 -induced monocyte production of IL-1, tu- 
mour necrosis factor-a, or interleukin 6. Multiple 
lipid oxidation products in low density lipoproteins 
induce IL-1 (3 release from human blood mononuc- 
lear cells (Thomas et al. 1994). 



Glucocorticoids control IL-1 via inhibition of 
mitogen-induced transcription of the IL-1 (3 gene 
and decreased stability of its mRNA in monocytes 
of several species (Knudsen et al. 1987, Lee et al. 
1988, Amano et al. 1993, Huether et al. 1993). In 
contrast, the IL-1 receptor is induced by glucocorti- 
coids in a protein and mRNA neosynthesis- 
dependent fashion (Akahoshi et al. 1988, Gott- 
schall et al. 1991), as is the type II receptor, a po- 
tential decoy target for IL-1 (Re et al. 1994). 

The nitric oxide donor, S-nitroso-N-acetyl-D, l- 
penicillamine induced dose-dependent inhibition 
of IL-1 production in LPS-stimulated rat alveolar 
macrophages in which endogenous nitric oxide 
production was blocked (Persoons et al. 1996). 

Silica (Quartex 265, < 3 pm) had a dramatic and 
selective effect on mature IL-1 release from perito- 
neal macrophages obtained from BDF1 mice har- 
vested without elicitation in a dose-dependent fash- 
ion (Sarih et al. 1993). 

Levels of cytoplasmic oligonucleosomal DNA 
(cell death detection enzyme-linked immunosorb- 
ent assay) were significantly enhanced for chryso- 
tile (3-25 pg/ml) and crocidolite (25-75 pg/ml) in 
a dose-dependent manner, a process that was inhi- 
bitable by 10 pM Z- Val- Ala- Asp fluoromethyl ke- 
tone, an interleukin-converting enzyme inhibitor 
(Hamilton et al. 1996). 

Crocidolite or potassium octatitanate whisker in- 
stilled intratracheally into male Wistar rats (2 mg in 
saline) peaked levels of IL-la mRNA in alveolar mac- 
rophages at 1 month thereafter (Tsuda et al. 1997). 

Rat alveolar macrophages lavaged 1 day after int- 
ratracheal instillation of welding fumes (1 mg/ 100 g 
body weight) collected during flux-covered manual 
metal arc welding (using a stainless steel consum- 
able electrode containing Cr, Ni, and Mn), released 
significantly more (P <0.05) IL- 1 (3 than did fumes 
from gas metal arc welding using a mild steel 
electrode (Antonini et al. 1996). 

A 30-min exposure to S0 2 induced a significant 
(P <0.05) decrease in lipopolysaccharide-stimu- 
lated IL-1 (3 release from human alveolar macro- 
phages obtained by bronchoalveolar lavage and 
cultured in vitro (Knorst et al. 1996). 

When expressed by transfected tumour cells, IL- 
1 decreased the tumorigenicity of oncogene cell 
lines (Douvdevani et al. 1992) and oncogene 
transformed NIH 3 T 3 fibroblasts (Saito et al. 1994). 

9.4.1. 2 

Interleukin 4 

Interleukin-4 (IL-4) can prime murine macrophages 
(Phillips et al. (1990). Pre-treatment of murine 
bone-marrow derived macrophages with 10 U/ml 
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murine IL-4 for 48 h enhanced the respiratory burst 
following subsequent stimulation with 10' 6 M phor- 
bol myristate acetate or 1 mg/ml zymosan. 

IL-4 increased the motility of human blood 
monocyte-derived macrophages in vitro (Dugast 
et al. 1997). The cells spread in thin cytoplasmic la- 
mellas, regrouped in clusters, and within 1-3 
weeks, differentiated into giant cells. 

IL-4 in addition to TGF|3 and TGF-a was shown 
to induce collagen synthesis by cultured fibroblasts 
(Elias et al. 1990, Sempowski et al. 1994). IL-4 was 
produced by macrophages during development of 
post-irradiation lung fibrosis in rats (Buttner et 
al. 1997). 

9.4.1. 3 

Interleukin 6 

Interleukin-6 is a pluripotent cytokine with immu- 
nomodulatory effects (Akira et al. 1990). It is sec- 
reted mainly by cells of the monocyte or macro- 
phage lineage and by endothelial cells (Hirano et 
al. 1990). Both cyclooxygenase and 5-lipoxygenase 
pathways are involved in platelet-activating factor- 
induced IL-6 production by alveolar macrophages 
(Thivierge and Rola-Pleszczynski 1994). Hu- 
man alveolar macrophage response to endotoxin 
(LPS) includes the production of IL-6. LPS in- 
creased the relative abundance of NFxB and NF-IL6 
(Hopkins et al. 1996). This increase in NFxB and 
NF-IL6 corresponded temporally with the rise in 
IL-6 mRNA. In RAW 264.7 macrophages up- 
regulation of IL-6 production appeared to be pro- 
tein kinase C independent, while its down- 
regulation is mediated by a protein kinase C- 
dependent feedback mechanism (Tremblay et al. 
1995). 

In human venous blood IL-6 mean values were 
higher during the light period of the day without, 
however, any significant differences with respect to 
the nocturnal mean levels (Lissoni et al. 1998). 

Hypoxia (3 % 0 2 ) in primary cultures of human 
pulmonary fibroblasts and pulmonary vascular 
smooth muscle cells induced transcription and 
translation of IL-6 (4- to 5-fold) in both cell types 
(Tamm et al. 1998). Hyperoxia-induced expression 
of IL-6 was suppressed by 50 % to 60 % in the pres- 
ence of platelet-activating factor antagonist 
WEB2170, or neutralising anti-platelet-derived 
growth factor antibodies. 

IL-6 has been involved in the pathogenesis of in- 
flammatoy and/or autoimmune diseases, including 
rheumatoid arthritis and systemic lupus erythema- 
tosus (Hirano et al. 1990). It could be implicated in 
the pathogenesis of systemic sclerosis, as IL-6 
(Needleman et al. 1992) or anti-IL-6 auto antibo- 



dies (Takemura et al. 1992) are more frequently 
detected in sera from systemic sclerosis patients 
than in sera from control patients. Crestani et al. 
(1994) demonstrated that during systemic sclerosis 
lung disease spontaneous and stimulated IL-6 
secretion by blood monocytes is increased, com- 
pared with secretion by healthy control subjects. By 
contrast, IL-6 secretion by alveolar macrophages re- 
covered by bronchoalveolar lavage is normal de- 
spite of mild alveolitis. 

rIL-6 by itself did not exhibit any chemotactic ac- 
tivity and it could not activate human mononuclear 
leucocytes for an oxidative burst response (Kha- 
razmi et al. 1989). Preincubation with rIL-6 at con- 
centrations of 5 and 50 ng/ml primed them for en- 
hanced generation of reactive oxygen species as do- 
cumented by the lucigenin-enhanced chemilumi- 
nescence following stimulation with the chemo- 
tactic peptide f-Met-Leu-Phe or phorbol myristate 
acetate. 

Human alveolar epithelial cells exposed to resi- 
dual oil fly ash release inflammatory cytokines in- 
cluding IL-6, IL-8, and tumour necrosis factor 
(Carter et al. 1997). The IL-6 response was inhi- 
bited by the metal chelator deferoxamine and the 
free radical scavenger N-acetyl-L-cysteine, suggest- 
ing that the activation of NFxB may be mediated 
through reactive oxygen intermediates generated by 
transition metals found in residual oil fly ash (Quay 
et al. 1998). 

5 ppm S0 2 exposure of human alveolar macroph- 
ages for 30 min yielded a small but not significant 
( P >0.05) reduction from 611 ± 76 pg spontaneous 
IL-6 production/ml to 585 ± 85 pg/ml (Knorst et 
al. 1996). 

Phorbol 12-myristate 13-acetate (PMA; 10 nM) 
strongly stimulated IL-6 production by human 
blood monocytes cultured in RPMI1640 supple- 
mented with 2 mM glutamine, 50 mg/ml gentami- 
cin and 10% heat-inactivated foetal calf serum 
(Costanzo et al. 1999). 

Enhanced secretion of IL-6 by cultured sarcoid 
alveolar macrophages has been demonstrated, 
though previous studies show no difference in 
bronchoalveolar lavage fluid IL-6 levels between 
sarcoid patients and healthy individuals (Jones et 
al. 1991, Homalka and Muller-Quernheim 1993, 
Steffen et al. 1993, Girgis et al. 1995). 

When expressed by transfected tumour cells, IL- 
6 decreased the tumorigenicity of 3LL lung carci- 
noma cells by delaying their doubling time (Porga- 
dor et al. 1992), but there was no influence on B16- 
F10 melanoma cells (Dranoff et al. 1993) and TS/ 
A adenocarcinoma cells (Allione et al. 1994). 
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9.4.1. 4 

Interleukin 8 

Interleukin-8, part of a supergene family of novel 
chemotactic cytokines (CXC and CC chemokines), 
is secreted by macrophages/monocytes, neutro- 
phils, fibroblasts, and endothelial and epithelial 
cells in response to a variety of stimuli. A potent 
chemoattractant and activator of neutrophils, IL-8 
may also be chemotactic for T lymphocytes (Lar- 
sen et al. 1989, Baggioloni et al. 1993). IL-8 indu- 
ces the respiratory burst in monocytes, and the 
structurally related chemokine monocyte chemo- 
tactic protein- 1 (MCP-1) is a potent chemotactin 
for monocytes (Baggiolini et al. 1993). 

Oxidised LDL induces monocytic cell expression 
of IL-8 (Terkeltaub et al. 1994). 

Hypoxia (3 % 0 2 ) in primary cultures of human 
pulmonary fibroblasts and pulmonary vascular 
smooth muscle cells induced transcription and 
translation of IL-8 (5- to 6-fold) in both cell types 
(Tamm et al. 1998). 

Eosinophil infiltration in the bronchoalveolar 
lavage fluid in guinea pigs was induced by recombi- 
nant human IL-8 (Lagente et al. 1995). Administ- 
ration of the phosphodiesterase IV isoenzyme inhi- 
bitor, rolipram (5 mg/kg) or betamethasone 
(10 mg/kg) significantly ( P <0.05) reduced the IL- 
8-induced eosinophil infiltration in bronchoalveo- 
lar lavage fluid. Betamethasone may act directly on 
eosinophils to inhibit their infiltration by IL-8. 

In patients with fibrosing alveolitis, occurring 
alone or in association with rheumatological disea- 
ses such as systemic sclerosis, more monocytes sec- 
reted IL-8 than autologous macrophages and there 
was heterogeneity in the in vitro IL-8 secretion by 
alveolar macrophages and peripheral blood mono- 
cytes (Pantelidis et al. 1997). IL-8 secretion by al- 
veolar macrophages was significantly higher in sub- 
jects with fibrosing alveolitis compared with sub- 
jects without fibrosing alveolitis, due to a higher 
percentage of IL-8-secreting alveolar macrophages 
in the fibrotic group both in the absence ( P < 0.002) 
and presence of lipopolysaccharide (P <0.04) and 
correlated with bronchoalveolar lavage neutrophil 
percentage. Using the MoAbs RFD1, RFD7 and 
RFD9, that distinguish subsets of alveolar macroph- 
ages, the authors have been able to identify associ- 
ations between secretion of IL-8 and smaller cells 
and the cells identified by the MoAb RFD7. In situ 
hybridisation of the bronchoalveolar lavage cell po- 
pulation revealed that alveolar macrophages are the 
predominant source of IL-8 in the lung. 

Haemolytic phospholipase C from Pseudomonas 
aeruginosa up to 1 unit/4 x 10 5 human monocytes 
induced a dose-dependent increase in IL-8 release 



and IL-8-specific mRNA expression (Konig et al. 
1997). 

The protein kinase C inhibitor, staurosporine 
(100 nM) significantly inhibited the production of 
IL-8 by a human monocytic cell line, MonoMac6 
stimulated by LPS, and so did the tyrosine kinase 
inhibitor, genistein (25 pM) (Fujishima et al. 
1997). 

9.4.1. 5 

Interleukin 10 

IL-10 is a potent antiinflammatory cytokine that 
shares with adenosine the ability to control TNF re- 
lease after LPS challenge (de Waal Malefyt et al. 
1991, Gerard et al. 1993, Marchant et al. 1994). 

Macrophages from chronically infected lungs of 
cystic fibrosis patients appeared to be one source of 
IL-10, but Bonfield et al. (1995) found little or no 
intracellular IL-10 in bronchoalveolar lavage mac- 
rophages from healthy control subjects. Martinez 
et al. (1997) quantified IL-10 and TNF-a mRNA lev- 
els in alveolar macrophages obtained by bronchoal- 
veolar lavage from patients with idiopathic pul- 
monary fibrosis (IPF) and bronchiolitis obliterans 
with organising pneumonia (BOOP) and in normal 
healthy volunteers. While the levels of TNF-a 
mRNA in macrophages obtained from IPF and 
BOOP patients were not significantly different from 
normal healthy subjects, macrophages from patients 
with IPF and BOOP expressed increased levels of IL- 
10 mRNA compared with healthy controls. 

O’Farrell et al. (1998) characterised IL-10 re- 
sponses of the J774 mouse macrophage cell line, and 
of J774 cells expressing wild-type hIL-lOR, mutant 
hIL-lOR lacking two membrane-distal tyrosines in- 
volved in recruitment of Stat-3 (hIL-10R-Tyr FF ), a 
truncated Stat3 (AStat3) which acts as a dominant 
negative, or an inducibly active Stat3-gyraseB chi- 
mera (Stat3-GyrB). A neutralising anti-mIL-lOR 
monoclonal antibody was generated to block the 
function of endogenous mIL-lOR. IL-10 inhibited 
proliferation of J774 cells and of normal bone 
marrow-derived macrophages, but not J774 cells ex- 
pressing hIL-10RTyr FF . Dimerization of Stat3-GyrB 
by coumermycin mimicked the effect of IL-10, and 
expression of AStat3 blocked the anti-proliferative 
activity of IL-10. For macrophage de-activation re- 
sponses, hIL-10R-Tyr FF could not mediate inhibi- 
tion of lipopolysaccharide-induced TNFa, IL-1|3 or 
CD86 expression, while AStat3 did not interfere de- 
tectably with these IL-10 responses. 

Pre-incubation with adenosine dose-dependently 
enhanced IL-10 release by TNF stimulated human 
monocytes (+29, +58, +116% at 1, 10, and 100 pM, 
respectively). Adenosine also significantly enhanced 
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IL-10 production after hydrogen peroxide and LPS 
stimulation and dose-dependently inhibited TNF 
secretion. The enhanced IL-10 production was not 
observed when cells were preincubated with aden- 
osine A! or A 2 receptor agonists (R-phenylisopro- 
pyladenosine, 5’-N-ethylcarboxamide-adenosine, 
and 2-chloroadenosine) and was not affected by 
pre-treatment with theophylline, an antagonist of 
both A t and A 2 receptors, or with dipyridamole, an 
inhibitor of adenosine cellular uptake (Le Moine et 
al. 1996). 

In a mouse model of inflammatory lung reaction 
induced by intratracheal instillation of silica, the 
levels of IL-10 protein both in cells obtained after 
bronchoalveolar lavage and in lung tissue homoge- 
nates were significantly increased when compared 
with controls (Huaux et al. 1998). After in vitro li- 
popolysaccharide stimulation (1 ug/ml), bronchoal- 
veolar lavage cells obtained from silica-treated ani- 
mals produced significantly more IL-10 protein and 
mRNA than cells obtained from control animals. 

When expressed by transfected tumour cells, IL- 
10 decreased the tumorigenicity of Chinese hams- 
ter ovarian carcinoma cells (Richter et al. 1993), 
CL8-1 cells (Suzuki et al. 1995), TS/A cells (Giova- 
relli et al. 1995) and B16-F1 melanoma cells 
(Gerard et al. 1996). 

9.4.1. 6 

Interleukin 12 

Interleukin 12 was originally discovered as a prod- 
uct of B cells in the spent medium of Epstein-Barr 
virus-transformed human lymphoblastoid cell lines 
(Kobayashi et al. 1989). However, this cytokine is 
now known to be produced predominantly by mac- 
rophages and dendritic cells but minimally by B 
cells, especially by resting B cells (D’ Andrea et al. 
1992, Trinchieri 1994). Interleukin 12 production 
by macrophages/dendritic cells is induced by two 
different pathways of stimulation; one that occurs 
when the cells are exposed to various pathogens or 
their products (D’Andrea et al. 1992, Ma et al. 
1995), and the other, when macrophages/dendritic 
cells as antigen-presenting cells interact with acti- 
vated T cells (Macatonia et al. 1995, Shu et al. 
1995, Maruo et al. 1996). Takenaka et al. (1997) 
showed that T cell-dependent and -independent IL- 
12 protein production is regulated by IL-10 and IL-4 
corresponding to the levels of mRNA accumulation 
for the p40 and p35 IL-12 genes, whereas the pres- 
ence of IL-6 during stimulation decreases IL-12 
protein production without affecting steady-state 
mRNA levels. Isler et al. (1999) studied the auto- 
crine regulation of the heterodimeric, biologically 
active form of IL-12 (IL-12 p70), as well as the ex- 



pression of its subunits of 35 kDa (p35) an 40 kDa 
(p40). Alveolar macrophages cultured in medium 
alone expressed only p35 mRNA. Both p35 and p40 
mRNA levels were induced by lipopolysaccharide 
and were further increased by interferon-'/. Lipopo- 
lysaccharide alone induced IL-12 p40 but not IL-12 
p70 production in monocytes and in alveolar mac- 
rophages. However, IL-12 p70 was released when 
the autocrine production of IL-10 was neutralised 
by IL-10 blocking antibody, and IL-12 p40 produc- 
tion increased. In CD-I mice, Brucella abortus 2308 
was a potent inducer of IL-12p40 (Fernandez- 
Lago et al. 1999). Secretion of IL-12p70 was also de- 
monstrated in vivo, although at much lower levels. 
Production of IL-12 over the first 7 days after infec- 
tion was accompanied by active multiplication of B. 
abortus in the spleens of infected mice. CD-I cul- 
tured macrophages secreted only IL-12p40 in re- 
sponse to B. abortus infection and no production of 
IL-12p70 was observed. In contrast, CD-I perito- 
neal macrophages secreted detectable amounts of 
IL-12p70 in response to purified lipopolysaccharide 
from B. abortus 2308. 

In human macrophages, interferon- (3, a naturally 
occurring protein produced by virus-infected cells 
- unlike interferon -y that can only prime the pro- 
duction of IL-12 - is able to produce this cytokine 
in response to antigenic stimuli (Jiang and Dhib- 
Jalbut 1998). 

In BALB/c mice treated with one dose of alcohol 
(5 mg/kg) or buffered saline and challenged 30 min 
later with lipopolysaccharide (LPS; 0.1 mg/kg) or 
mycobacterial lipoarabinomannan (araLAM; 4 mg/ 
kg) intratracheally under anaesthesia, and sacri- 
ficed 6 h later lung homogenates analysed for IL-12 
(p75) showed a weak suppression of this cytokine 
by alcohol (Mason et al. 1997). 

When expressed by transfected tumour cells, IL- 
12 decreased the tumorigenicity of MCA-207 and 
MCA- 102 fibrosarcoma cell lines (Tahara et al. 
1995), but had no influence on C26 colon carcinoma 
cells (Martinotti et al. 1995). 

9.4.1. 7 

Interleukin 13 

Human interleukin 13 (IL-13) is a cytokine that has 
a profound effect on primary immune cells by in- 
ducing immunoglobulin production, proliferation 
of B cells, and the differentiation of cells of the 
monocytic lineage. Alveolar macrophages obtained 
by bronchoalveolar lavage expressed more IL-13 
mRNA in patients with fibrotic lung disease, in 
comparison with those from healthy volunteers 
(Hancock et al. 1998). IL-13 protein was detectable 
in the bronchoalveolar lavage fluid of 8 of 13 pa- 
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tients with pulmonary fibrosis, but in none of the 
control subjects. 

9.4.1. 8 

Interleukin 18 

In 6 day granulocyte-macrophage colony-stimulat- 
ing factor-treated human macrophages, an “inact- 
ive” IL-18-recognizing monoclonal antibody de- 
tected the IL-18 proform (24 kDa) and a 48-kDa 
protein, which were gradually increased concomi- 
tant with maturation stage (Kikkawa et al. 2001). 

9.4.1. 9 

Tumour Necrosis Factor-a 

Tumour necrosis factor is a pleiotropic cytokine, 
initially isolated on the basis of its capacity to in- 
duce tumour necrosis (Beutler and Cerami 
1988). It exists in two forms, TNF-a and TNF-|3, 
both having molecular masses around 17 kDa. TNF 
has a wide range of biological activities, including 
fibrogenic activity. In vitro, it enhances the prolifer- 
ation of some fibroblast lines but inhibits others 
(Sugarman et al. 1985), and it inhibits collagen 
secretion (Dayer et al. 1985). In vivo, it is strongly 
fibrogenic (Piguet et al. 1990). In patients with 
adult respiratory distress syndrome, significant 
amounts of TNF were observed in the bronchopul- 
monary secretions, although no TNF was detected 
in samples of control patients (Millar et al. 1989). 
Using a human bronchial epithelial cell line (BEAS- 
2B), Clara cell secretory protein mRNA levels in- 
creased in response to TNF-a (20 ng/ml) stimula- 
tion after 8 to 36 h with the peak increase at 18 h 
(Yao et al. 1998). Immunoblotting of CCSP protein 
released into the culture media demonstrated that 
TNF-a induced the synthesis and secretion of CCSP 
protein released in a time dependent manner over 8 
to 18 h. 

TNF has been shown to be present in the blood 
of patients with rheumatoid arthritis (Cope et al. 
1992). 

The gene of the TNF protein is located on the 
short arm of chromosome 6, in close proximity to 
the major histocompatibility complex. It is closely 
related to another cytokine discovered by Ruddle 
and Waksman (1968) and Granger and Willi- 
ams (1968). The former group called the protein 
cytotoxic factor while the latter group named it 
lymphotoxin (LT). TNF and LT are 35 % homolog- 
ous (Li et al. 1987). They lie closely spaced within 
the class III region of the major histocompatibility 
complex, and they bind to the same receptors and 
share many activities, such as killing of L929 cells, 
induction of necrosis in Meth A sarcomas and acti- 



vation of polymorphonuclear leucocytes (Gray et 
al. 1984; Shalaby et al. 1985). These observations 
prompted them to change the name LT to TNF-|3, 
and that of TNF to TNF-a. 

ProTNF-a is initially produced as a membrane- 
bound form that is processes by TNF-a converting 
enzyme (TACE), a type I membrane-bound metal- 
loproteinase (Black et al. 1997, Moss et al. 1997). 
TACE represents a potential target for the develop- 
ment of a therapeutic agent for inflammation and 
related diseases (Patel et al. 1998). TACE is inhi- 
bited by TIMP-3 but not by TIMP-1, -2 and -4 
(Amour et al. 1998). 

TNF is a macrophage/monocyte-derived anti- 
cancer cytokine (Carswell et al. 1975, Matthews 
1978, Niitsu et al. 1985) with strong cytotoxicity to 
tumour cells in vitro (Helson et al. 1975, Niitsu et 
al. 1988, Watanabe et al. 1985, 1988). In the trans- 
formed murine macrophage cell line RAW 264.7, 
TNF-a up-regulation 4 h after lipopolysaccharide 
addition seems to involve protein kinase C, as stau- 
rosporine strongly inhibited (over 70 %) the expres- 
sion of TNF-a mRNA while calphostin had no sig- 
nificant influence (Tremblay et al. 1995). 

Recombinant human TNF induced increased hy- 
droxyl radical production in TNF-sensitive cells 
(Yamauchi et al. 1989). Liochev and Fridovich 
(1997) explained the 0 2 '“-dependent toxicity of TNF 
on the basis of a variant of the Fenton reaction: 

Fe(ll) + LOOH — »-Fe(lll) + OH- + LO’ [162] 

where L denotes a polyunsaturated fatty acid such as 
arachidonate. The alkoxy radical (LO*) so produced 
can initiate the oxidation of polyunsaturated lipids 
in membranes by a free radical chain reaction (Tap- 
pel 1972, Barclay and Ingold 1981). The initi- 
ation and propagation reactions of lipid peroxida- 
tion can be blocked by antioxidants such as butyl- 
ated hydroxy anisole (Brekke et al. 1994), N-acetyl 
cyteine, pyrrolidine dithiocarbamate and nordihy- 
droguaiaretic acid. Each of these antioxidants has 
been seen to diminish the cytotoxicity of TNF. 

Using the stable free radical, l,l-diphenyl-2- 
picrylhydrazyl (DPPH) and the electron spin reson- 
ance technique, Matsubara et al. (1991) showed 
TNF-a to have scavenging properties in vitro. 

TNF-a synthesis was induced in resting human 
blood monocyte cultures by actinomycin D (Voite- 
nok et al. 1989). Cycloheximide inhibited the pro- 
duction of TNF-a. The data imply that TNF-a syn- 
thesis by human blood monocytes can be induced 
by posttranscriptional regulation of TNF-a mRNA 
presynthesized in vivo. 

Serum TNF-a levels were increased, although 
nonsignificantly, in male adult older C57BL/6J mice 
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that received either melatonin (10 iig/ml drinking 
water, only during the night hours from 18.00 and 
9.00) or Zn (22 pg/ml drinking water) supplementa- 
tion for 3 months (Chen et al. 1999). 

PbCl 2 increased TNF-a secretion from human 
peripheral blood mononuclear cells in a concen- 
tration- and time-dependent manner, suggesting 
that PbCl 2 increased TNF-a expression by post- 
transcriptional mechanisms and enhanced the re- 
activity and uptake of TNF-a by increasing the sur- 
face expression of TNF-R p55 (Guo et al. 1996). 

A 30-min exposure to S0 2 induced a significant 
(P <0.001) dose-dependent decrease in spontane- 
ous and lipopolysaccharide-stimulated TNF-a re- 
lease from human alveolar macrophages cultured in 
vitro (Knorst et al. 1996). 

NO production by murine peritoneal macroph- 
ages co-cultured with CD4 + T cells prepared from 
BCG-infected mice was induced by TNF-a together 
with IFN-y (Saito and Nakano 1996). 

Rat alveolar macrophages lavaged 1 day after in- 
tratracheal instillation of welding fumes (1 mg/ 
100 g body weight) collected during flux-covered 
manual metal arc welding (using a stainless steel 
consumable electrode containing Cr, Ni, and Mn), 
released significantly more (P < 0.05) TNF-a than 
did fumes from gas metal arc welding using a mild 
steel electrode (Antonini et al. 1996). 

In NMRI mice bronchoalveolar lavage fluid 
gained 3 days after an intratracheal instillation of 
2 mg Dorentrup quartz DQ12 suspended in 100 pi 
saline levels of TNF-a protein from fibrotic, inflam- 
matory, and non- inflammatory models were signif- 
icantly lower than in controls (Huaux et al. 1999). 
Although this downregulation of TNF-a was main- 
tained for up to 120 days in the fibrotic model, 
TNF-a levels returned to control values after 15 and 
30 d in the non-inflammatory and resolving inflam- 
matory models, respectively. The pattern of TNF-a 
mRNA expression in the lung was opposite to that 
of the protein. In the resolving and inflammatory 
models, mRNA levels were upregulated as com- 
pared with those of controls. This effect was present 
for up to 30 d in the resolving alveolitis model, and 
at all time points examined in the fibrotic model. 
No effect on TNF-a mRNA levels was observed in 
the non-inflammatory model. The downregulation 
of TNF-a protein was concurrent with the accumu- 
lation of recruited polymorphonuclear neutrophils 
in alveoli, and coculture experiments showed that 
polymorphonuclear leucocytes explanted from the 
lungs of mice treated with silica particles were able 
to downregulate the expression of TNF-a protein by 
naive alveolar macrophages. In addition, polymor- 
phonuclear leucocyte depletion prevented the 
downregulation of TNF-a induced by silica. 



Significantly ( P <0.05 vs. control) increased 
amounts of TNF-a mRNA were found in Wistar rat 
alveolar macrophages exposed to crocidolite, chry- 
sotile A, chrysotile B, MMVF 21, CRF 1, or SiC 
whiskers for 90 min, and significantly ( P < 0.05 vs. 
control) increased activities of TNF-a were found 
in the medium of macrophages exposed to croci- 
dolite, chrysotile A, chrysotile B or MMVF 21 for 
4 h (Ljungman et al. 1994). 

Long amosite stimulated more TNF release from 
HAN Wistar rat alveolar macrophages than short 
amosite ( P <0.05) (Donaldson 1992). Short chry- 
sotile fibres augmented the production of TNF 
(481±122 U/ml) by male Wistar rat alveolar mac- 
rophages to a significantly greater extent than did 
the long fibres (260±65 U/ml; P <0.01) (Mori- 
moto et al. 1993). While the short ceramic fibres 
appeared to stimulate TNF production less than did 
the long fibres (112±21 U/ml vs. 161±76 U/ml), the 
difference was not statistically significant. 

Both wool and grain dust samples were capable 
of stimulating TNF release from rat alveolar mac- 
rophages isolated by bronchoalveolar lavage, in a 
dose-dependent manner (Brown and Donaldson 
1996). Leaches prepared from the dusts contained 
LPS and also caused TNF release but leachable LPS 
could not account for the TNF release and it was 
clear that non-LPS leachable activity was present in 
the grain dust and that wool dust particles themsel- 
ves were capable of causing release of TNF. 

The antibody for recombinant human TNF-a 
completely inhibited the formation of multinucle- 
ated giant cells from rat bone marrow-derived mac- 
rophages treated with acetyl lignin (Sorimachi et 
al. 1995). By an autocrine and/or paracrine mecha- 
nism TNF-a could interact immediately with its re- 
ceptor. 

TNF is inactivated rapidly in and cleared from 
the circulation. The clearance mechanism seems to 
consist of two phases. First, after the release of TNF 
in circulation, inactivation of the biologic activity 
of TNF is observed. Thereafter, clearance of the 
TNF protein takes place, mainly by the kidney and 
to a much lesser extent by the liver (Beutler et al. 
1985, Pessina et al. 1987). 

When expressed by transfected tumour cells, 
TNF decreased tumorigenicity of Chinese hamster 
ovary carcinoma cells (Oliff et al. 1987, Quin et al. 
1995), J558L plasmacytoma cells (Blankenstein et 
al. 1991, Hoch et al. 1993), 1591-RE skin tumour 
cells (Teng et al. 1991), MCA-205 fibrosarcoma 
cells (Asher et al. 1991), and TS/A murine mam- 
mary adenocarcinoma (Allione et al. 1994), but 
had no influence on MCA- 102 fibrosarcoma cells 
(Karp et al. 1993), and B16-F10 melanoma cells 
(Dranoff et al. 1993). TNA-a gene suppressed 
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Friend leukaemia cells (Ferrantini et al. 1993, 
1994), and TNF-y gene C1300 neuroblastoma cells 
(Watanabe et al. 1989), CMS-5 fibrosarcoma cells 
(Gansbacher et al. 1990), SP1 and CT-26 colon 
carcinoma cells (Esumi et al. 1991). 

9.4.1.10 

Interferons 

Interferons are a family of proteins secreted by ver- 
tebrate cells in response to various stimuli. They 
were identified by Isaac and Lindeman (1957) as 
antiviral agents and they have long been known for 
their antitumoral and antiproliferative activities 
(Paucker et al. 1962, Sen and Lengyel 1992). 

Initially classified according to their cellular ori- 
gin, the interferons are now typed according to 
their sequences and their activities. Interferon 
type I regroups IFN-a (leukocyte IFN) and IFN-|3 
(fibroblast IFN); IFN type II: IFN-y (immune IFN). 

After induction by 10-carboxymethy-9-acridan- 
one, murine bone marrow-derived macrophages 
produced two activities of interferon (3 differing in 
the degree of glycosilation (Brehm et al. 1986). 

Using the stable free radical, l,l-diphenyl-2- 
picrylhydrazyl (DPPH) and the electron spin reson- 
ance technique, Matsubara et al. (1991) showed 
both interferon a and interferon y to have scaveng- 
ing properties in vitro. 

IFN-y alone or combined with lipopolysaccha- 
ride induced iNOS expression and increased nitrite 
production in iNOS +/+ macrophages, but not in 
iNOS _/ “ macrophages (Niu et al. 2000). Formation 
of thiobarbituric acid reactive substances from low- 
density lipoprotein was suppressed in IFN-y- and 
IFN-y/lipopolysaccharide-treated iNOS +/+ macro- 
phages but was increased in IFN-y-treated iNOS _/ " 
macrophages. In the presence of f/'-monomethyl-L- 
arginine the suppressive effect of IFN-y and IFN-y/ 
lipopolysaccharide was abolished and the forma- 
tion of thiobarbituric acid reactive substances was 
even increased to a level above that of untreated 
iNOS +/+ macrophages. NOC 18, an NO donor, dose- 
dependently inhibited macrophage-mediated low- 
density lipoprotein oxidation. IFN-y increased su- 
peroxide and thiol production in both types of 
macrophages. 

Collagen synthesis in fibroblast cultures is sup- 
pressed by interferons (Rosenbloom et al. 1984, 
Rockey et al. 1992). Interferon-a is less potent than 
interferon-y. 



9.4.1.11 

Fibroblast Growth Factors (FGFs) 

Fibroblast growth factors (FGFs) comprises a 
family of peptides with a potent fibrogenic activity 
in vitro and in vivo (Sprugel et al. 1987) but whose 
biological role is poorly understood. They are pres- 
ent in a wide variety of cell types but it is not estab- 
lished whether their synthesis and secretion are re- 
gulated and/or if they are released only by damaged 
cells (D’Amore 1990). 

9.4.1.12 

Colony Stimulating Factor (CSF) 

The macrophage colony stimulating factor, CSF-1, 
is responsible for survival, proliferation, and diffe- 
rentiation of mononuclear phagocytes from bone 
marrow progenitor cells to mature macrophages 
(Tushinski et al. 1982). It is a homodimeric gly- 
coprotein growth factor, and its pleiotropic effects 
are mediated via a high affinity cell surface CSF-1 
receptor (Guilbert and Stanley 1980, Byrne et 
al. 1981, Bartelmez and Stanley 1985) identical 
to the c-fms protooncogene product (Sherr et al. 
1985). l,25(OH) 2 vitamin D 3 prompted appearance 
of CSF-1 receptor in murine bone marrow precur- 
sors (Perkins and Teitelbaum 1991). Specific 125 I- 
CSF-1 binding by BAC 1,2F5 cells is enhanced (P 
<0.001) after 24 h exposure to 10 nM l,25(OH) 2 vi- 
tamin D 3 (Meenakshi et al. 1993). 

Macrophage activation with yeast glucan in- 
duced a pronounced elevation of colony stimulating 
activity in serum (Satoh et al. 1982, Chihara 
1983). The increase of colony stimulating activity 
was dose dependent. While doses of 62.5 mg krestin 
((3-1,4; (3-1,3; (3-1,6, protein complex; PSK)/kg and 
125 mg PSK/kg produced no increase in colony sti- 
mulating activity, a dose of 250-1000 mg/kg was as- 
sociated with a rapid increase in colony stimulating 
activity followed by a rapid decline. Yeast glucan 
has been demonstrated to be very effective in en- 
hancing CSF at doses where PSK is ineffective (Pat- 
chen and McVittie 1983). 

Overexpression of granulocyte-macrophage 
colony-stimulating factor induces pulmonary gran- 
ulation tissue formation and fibrosis by induction 
of transforming growth factor- (3 1 and myofibro- 
blast accumulation (Xing et al. 1997). 
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9.4.2 

Complement Components 

Most of the serum complement proteins are pro- 
duced primarily in the liver, but monocytes and mac- 
rophages constitute an important source of extrahe- 
patic production of many complement components. 
Local production of complement at tissue sites of 
inflammation may be of considerable importance in 
host defences and immunopathological reactions. 

Maturation of mononuclear phagocytes into tis- 
sue macrophages may be signalled or enhanced by 
changes in their capacity to synthesise and secrete 
biologically active complement proteins. Human 
breast milk macrophages secrete haemolytically ac- 
tive C2 and factor B immediately in vitro, while a 
lag of 3 to 6 days in complement production is 
noted in peripheral blood monocytes from the 
same woman (Cole et al. 1980). The rate of secre- 
tion of both C2 and C4 by macrophages from differ- 
ent tissues may be compared by simultaneous pla- 
que assay and tissue culture (Cole et al. 1980). 
While alveolar macrophages from guinea pig sec- 
rete less C2 and C4 than peritoneal macrophages in 
culture, the rates of C2 and C4 secretion by comple- 
ment producing alveolar macrophage are greater 
than the rates per complement producing perito- 
neal macrophage (Cole et al. 1980). 

Posttranslational modification of precursor pro- 
teins appears to be an important regulatory step in 
the synthesis and secretion of complement proteins, 
as it is with other proteins (Ooi et al. 1980). Hall 
and Colten (1978) showed in the guinea pig, that 
deficiency of C3 resulted from a translational defect 
in the synthesis of C4 protein. Under cell-free con- 
ditions, hepatic polysomes from C4-deficient gui- 
nea pigs synthesised only nascent C4 polypeptides 
that remain polysome-bound. Thus, the mRNA ap- 
pears to be present but not completely translated. 

The complement peptides C5a and C5a-desArg 
have been found to elicit the respiratory burst: hu- 
man C5a has a threshold of 10' 9 M for 0 2 *“ genera- 
tion; maximum is still not reached at > 10" 7 (Da- 
hinden et al. 1983, McPhail and Snyderman 
1983, Gerard et al. 1986). C5a-desArg from the 
same species is approximately 50 times less potent 
(Webster et al. 1980). The activity of human C5a is 
greatly enhanced in the presence of a yet unidenti- 
fied serum factor (protein?) (Maly et al. 1983). 

9.4.3 

Platelet-Activating Factor 

The synthesis of the platelet-activating factor (PAF; 
l-alkyl-2-acetyl-s«-glycero-3-phosphocholine) by 
the action of phospholipase A 2 on phosphatidylcho- 



line, resulting in the generation of lysophosphati- 
dylcholine. Alkyl species of phosphatidylcholine are 
a major source of PAF. They are converted to lyso- 
platelet- activating factor (lysoPAF) and then by PAF 
acetyltransferase to PAF (Sturk et al. 1989, Snyder 
1990). 

9.4.4 

Proteolytic Enzymes 

9.4.4. 1 

Metalloproteinases 

Metalloproteinases are usually synthesised as 
proenzymes in balance with activating and inhibit- 
ing proteins. By blocking the synthesis of the major 
inhibitor TIMP (tissue inhibitor of metalloprotease 
by the antisense technique), the importance of the 
fine regulation of this balance was deduced. Upon 
removal of TIMP, the cells adopt a partially trans- 
formed phenotype, namely, anchorage-indepen- 
dent growth and soft agar colony formation 
(Khokha et al. 1989). Another feature of metallo- 
protease activity has been revealed by overexpres- 
sing collagenase type I or stromelysin in rat 2 cells 
that had been transformed by the activated ras 
gene. 

Human matrix metalloproteinases may be pro- 
cessed from their proenzyme forms to their active 
forms by two new and unique mechanisms (Maeda 
et al. 1998): Firstly, by bacterial proteases such as 
Pseudomonas elastase and Vibrio cholerae protease, 
which cleave off the TV-terminal autoinhibitory do- 
main (so-called cysteine switch) from pro-matrix 
metalloproteinases. The second mechanism de- 
pends on free radical generation by activated poly- 
morphonuclear leucocytes. In this case, peroxyni- 
trite (ONOCT) or nitrogen dioxide radical (‘N0 2 ) 
are the key reagents. 

OT + ’NO— -ONOO-(pK a = 6.8) [82] 

ONOO-+H+— -ONOOH [83] 

ONOOH— »-HO' + ’N0 2 (20-30% yield), NCV + H+ (rest) [84] 

Both 0 2 *“ and ‘NO are generated by activated mac- 
rophages and polymorphonuclear leucocytes as a 
result of immunologic responses involving various 
proinflammatory cytokines. "N0 2 or ONOO' seems 
to interact with a single cysteine residue in the pro- 
peptide autoinhibitory domain, or so called 
cysteine- switch of pro-matrix metalloproteinases, 
thus transforming pro-matrix metalloproteinases 
into their active conformation. 

TIMP-3 inhibited TNF-a converting enzyme 
(Amour et al. 1998). 
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9.4.4. 1.1 
Elastase 

The detection and quantification of macrophage- 
derived elastolytic enzymes are important consid- 
erations when studying model systems designed to 
evaluate the impact of macrophage secretory prote- 
inases on lung and vascular elastin. The mouse pe- 
ritoneal macrophage elastase is a neutral metallop- 
roteinase (Banda and Werb 1981) catalytically and 
immunochemically distinct from mouse pancreatic 
and mouse granulocyte elestases, both of which are 
serine proteinases. Macrophage elastase was inhi- 
bited by a 2 -macroglobulin, but not by a, -proteinase 
inhibitor. Mouse macrophage elastase catalysed the 
limited proteolysis of selected subclasses of mouse 
immunoglobulins, including monomeric IgG 2a , 
IgG 3 , and some forms of IgG 2b (Banda et al. 1983). 
Mouse IgGi was resistant to elastase degradation; 
however, human IgG! was degraded. IgG 3 in im- 
mune complexes was cleaved in a manner similar to 
that of monomeric IgG 3 . Degradation by macro- 
phage elastase was limited to the heavy chain, re- 
sulting in products that did not compete for bind- 
ing to the macrophage Fc receptor. Macrophage 
elastase usually produced a pepsin-like rather than 
a papain-like pattern of proteolysis, resulting in the 
release of F(ab’) 2 and Fc’ subfragments. This de- 
gradation of IgG differed from the papain-like 
cleavage of IgG by granulocyte elastase. Macro- 
phage elastase degraded papain-generated Fc frag- 
ments of IgG 2a into multiple fragments. Therefore, 
macrophage elastase at concentrations found in cul- 
ture medium has a potential to regulate some as- 
pects of cellular events associated with immunoglo- 
bulins. 

The C-terminal domain of human macrophage 
elastase inhibited elastin degradation (Gronski jr. 
et al. 1996). 

9.4.4. 1.2 
Collagenase 

Reactive oxygen species and serine proteases acti- 
vated latent 70-75 kDa human neutrophil collagen- 
ase (Saari et al. 1990). The hydroxyl radical may 
cause the oxidative activation of collagenase by 
cleaving the bond between Cys 73 and the forth co- 
ordination site of active site Zn atom and oxidise 
cysteine to cysteic acid that cannot be liganded by 
the Zn atom (Springman et al. 1990). Hydrogen 
peroxide (H 2 0 2 ) increased the steady-state mRNA 
levels of collagenase/MMP-1 in human dermal fi- 
broblasts (Brenneisen et al. 1997). 



9.4.4. 1.3 
Stromelysin 

Stromelysin 1 (= matrix metalloproteinase 3) has 
been implicated as playing a pivotal role in joint- 
degrading diseases like arthritis (Hasty et al. 1990, 
Hembry et al. 1995). Its synthesis by chondrocytes 
and synoviocytes can be induced by inflammatory 
mediators like interleukin- 1 (Hasty et al. 1990, 
MacNaul et al. 1990). 

Stromelysin 2 (EC 3.4.24.22 = matrix metallo- 
proteinase 10 = transin 2) 

Stromelysin 3 (= matrix metalloproteinase 11) 
from rat skin has 491 amino acids, and shows 83, 95 
and 58 % homology with human, mouse and Xeno- 
pus ST3, respectively (Okada et al. 1997). In con- 
trast to other matrix metalloproteinases, ST3 is sec- 
reted into the extracellular space as a potentially ac- 
tive molecule (Pei and Weiss 1995, Santavicca et 
al. 1996). By in situ hybridisation, Wolf et al. 
(1993) detected ST3 transcripts specifically in fibro- 
blastic cells in primary breast carcinomas and so 
did Okada et al. (1997) in fibroblastic cells loca- 
lised in the superficial dermis of healing rat skin 
wounds. 

9.4.4. 1.4 

Gelatinase B (EC 3.4.24.35) 

This 92-kDa gelatinase (= matrix metalloproteinase 
9 = type V collagenase = 92-kDa type IV collagen- 
ase = macrophage collagenase) is similar to collage- 
nase A, but possesses a further domain. It is ex- 
pressed in macrophages and eosinophils, and is 
stored in the tertiary granules of neutrophils as 
well. To assess the role of the 92 kDa gelatinase in 
neutrophil, macrophage, and eosinophil function, 
Shipley et al. (1996) generated mice deficient in 
this enzyme by targeted mutagenesis. The murine 
92 kDa gelatinase gene was cloned from a 129Sv ge- 
nomic PI library. In the targeting construct, most 
of exon 2 is replaced with a cassette consisting of 
the neomycin phosphotransferase cDNA driven by 
the phosphoglycerate kinase promoter. The con- 
struct contains 5 kb of 5’ homolgy and 3 kb of 3’ 
homology. The targeting construct was introduced 
into 129Sv embryonic stem cells by electroporation, 
and eight independent correctly-targeted clones 
were obtained from 120 G418-resistant colonies. 
Chimeric mice were bred with C57BL/6J mice to 
generate mice heterozygous for the targeted allele. 

Finley et al. (1997) found that expression of ge- 
latinase B mRNA was enhanced in macrophages 
from patients with chronic obstructive pulmonary 
disease. 
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The functions of gelatinase B as regulator and ef- 
fector in leucocyte biology were reviewed by Opde- 
nakker et al. (2001). 

Matrix metalloproteinases-2 and -9 facilitated tu- 
mour invasion via basement membrane degrada- 
tion. Metastatic colorectal cancer cells (CRC line 
W620) induced matrix metalloproteinase release by 
human THP-1 monocytes (Swallow et al. 1996). 

9.4.4. 1.5 

68 kDa Gelatinase 

9.4.4. 1.6 

Angiotensin Convertase (EC 3.4.15.1) 

Angiotensin converting enzyme (EC 3.4.15.1) is a 
membrane-bound ectoenzyme of human blood 
monocytes augmented by dexamethasone in a bi- 
phasic dose-dependent manner with maximum ef- 
fect after 6 days in culture at 10“ 8 M concentration 
(Vuk-Pavlovic et al. 1989). 

9.4.4. 2 

Serine Proteinases 
9.4.4.2.1 

Urokinase-type Plasminogen Activator 
(EC 3.4.21.73) 

Plasminogen activator, a neutral serine protease, is 
secreted by many different cell types and is thought 
to be important in cell migration, malignant cell 
transformation, tissue remodelling, and cytolysis of 
tumour cells. Alveolar macrophage plasminogen 
activator could be important in resolution of fibrin 
clots, promotion of inflammation, or defence 
against malignant cells in the lung. Secretion of 
plasminogen activator by rabbit alveolar macroph- 
ages derived from normal animals and rabbits pre- 
treated with bacillus Calmette-Guerin (BCG) to ac- 
tivate these macrophages indicated by an increase 
in the phagocytic index was detected by Schuyler 
and Forman (1984) in the conditioned medium of 
day 2-3 alveolar macrophage cultures from 17 of 22 
animals treated with BCG, opposed to 2 of 14 nor- 
mal animals ( P <0.001, y 2 test). 

Endotoxin (5 mg per kg body weight intraperi- 
toneally) rapidly increased plasminogen activator 
release by rat alveolar macrophages (Etoh et al. 
1984). There was significant positive correlation be- 
tween plasminogen activator release by alveolar 
macrophages and fibrinolytic activity in bronchoal- 
veolar lavage fluid. 

In murine C57BL/6 peritoneal macrophages elic- 
ited with either proteose-peptone or fresh thiogly- 
collate, enhancement of the secretion of plasmino- 



gen activator by lymphokine did not require bacte- 
rial lipopolysaccharide in addition to lyphokine 
(Jones et al. 1984). 

Concanavalin A and phorbol myristate acetate 

greatly increased secretion of rabbit alveolar mac- 
rophage plasminogen activator, although the higher 
concentration of 10.0 pg Con A/ml had an adverse 
effect on viability (Schuyler and Forman 1984). 

Urokinase produced by alveolar macrophages is 
operative not only at the alveolitis stage but also lat- 
er in the fibrotic process, produced by silica partic- 
les, supporting the role of urokinase-type plasmino- 
gen activator in fibrogenesis (Lardot et al. 1998). 

Asbestos increased urokinase-type plasminogen 
activator receptor at the surface of rabbit and hu- 
man mesothelial cells, suggesting that altered ex- 
pression of this receptor could be involved in 
asbestos-induced remodelling of the pleural meso- 
thelium (Perkins et al. 1999). 

Athersclerotic vessels studied by immunohisto- 
chemistry showed that urokinase plasminogen ac- 
tivator, plasminogen activator inhibitor type 2, and 
macrophages were mainly expressed within plaques 
while tissue plasminogen activator and plasmino- 
gen activator inhibitor type 1 were also expressed 
outside plaque lesions (Falkenberg et al. 1998). 

9.4.4.2.2 

Cytolytic Proteinase 

9.4.4. 3 

Aspartyl Proteinases 
9.4.4.3.1 

Cathepsin D (EC 3.4.23.5) 

Cathepsin D is a lysosomal protease present in nor- 
mal cells at a very low concentration. It is first pro- 
duced in a precursor form, pro-cathepsin D 
(52 kDa), and the processed in the cell to an inter- 
mediate form of 48 kDa, then finally to the mature 
forms of 34 kDa and 14 kDa. Phagocytosis of intra- 
venously injected IgG-coated sheep red blood cells 
by rat liver Kupffer cells did not change the activity 
of cathepsin D (Brouwer et al. 1981). 

9.4.4.4 

Cysteine Proteinases (EC 3.4.22) 

Cysteine proteinases are most implicated in matrix 
degradation and thus in tumour growth and spon- 
taneous metastasis. A comprehensive knowledge of 
their biochemistry, pharmacology and therapeutic 
influencabilty is useful as to tumour growth and 
metastasis prevention. 



274 Chapter 9 Alveolar Macrophages 



l - trans - Epoxysuccinyl - leucylamido(guanidino) 
butane (E-64) and its analogues inhibited cysteine 
proteinases including cathepsins B, H, and L (Bar- 
rett et al. 1982). Conway et al. (1996) tested some 
sulphamide derivatives by s.c. implantation of mini- 
pumps, which delivered compound throughout the 
period of primary tumour growth and spontaneous 
metastasis to the lung at steady state drug concen- 
tration orders of greater magnitude than the con- 
centrations needed to either inhibit collagenase, ge- 
latinase or stromelysin in vitro. Inhibitor treatment 
showed the growth of primary s.c. Mat Ly Lu rat 
prostate tumour, LOX human melanoma tumours 
by 40-60% but had no significant effect on the 
growth of primary M27 murine Lewis lung tumours. 

9.4.4.4.1 

Cathepsin B (EC 3.4.22.1) 

Cathepsin B is a lysosomal cysteine endopeptidase 
with broad specificity for peptide bonds. It prefer- 
entially cleaves -Arg-Arg- bonds in small molecule 
substrates (thus differing from cathepsin L). 

Cathepsin B/L activity in microglia compared to 
both elicited or resident rat peritoneal macrophages 
was significantly ( P <0.001) higher (Banati et al. 
1993). The significanty higher (P = 0.029) fluores- 
cence of thioglycolate-elicited versus resident rat 
peritoneal macrophages demonstrated that the acti- 
vation of macrophages is accompanied by an in- 
crease of cathepsin B/L activity expression. 

The extracellular release of cathepsin B was de- 
monstrated in the amyloid deposits of Alzheimer 
brain (Cataldo and Nixon 1990), where microglial 
activation is a prominent neuropathological feature 
(McGeer et al. 1988, Styren et al. 1990). 

Cigarette smoke (twice daily 10 puffs) stimulated 
cathepsin B activity in alveolar macrophages of 
Sprague-Dawley rats by 43% at both 4- and 10- 
week exposure points (Gairola et al. 1989). 

9.4.4.4.2 

Cathepsin L (EC 3.4.22.15) 

Human alveolar macrophages synthesise and ex- 
press an active form of cathepsin L (Mason et al. 
1986, Chapman et al. 1987). 

9.4.5 

Other Enzymes 

9.4.5. 1 
Lipases 

Human blood mononuclear leucocyte lysosomal 
acid lipase (triacylglycerol acylhydrolase, EC 



3. 1.1.3) in two individuals hydrolysed 9.5 and 
9.0 nmol substrate per min x mg protein (Coates 
et al. 1979). The enzyme is under thyroid hormone 
regulation (Coates et al. 1982). 

9.4. 5. 2 

Glucosaminidase: Lysozyme 

Lysozyme (EC 3.2.1.17, mucopeptide N-acetylmura- 
moyl hydrolase or muramidase) catalyses hydroly- 
sis of a |3(l^>4)-glycosidic linkages of polysaccha- 
ride component of the peptidoglycan (mucopoly- 
mer of the bacterial cell wall), which is composed of 
alternating iV-acetylmuramic acid and N-acetylglu- 
cosamine residues with alternating (3(1 — >4) and 
|3( 1 — >6) linkages, cross-linked with peptide chains. 
The hydrolytic action of lysozyme gives rise to dis- 
accharide units attached to the peptide chains 
called muropeptides. 

High concentrations of lysozyme were found in 
monocytes (Schmalzl and Braunsteiner 1970, 
Gordon et al. 1974) and alveolar macrophages 
(Myrvik et al. 1961, Cohn and Wiener 1963, 
Heise and Myrvik 1967, Leake and Myrvik 1968, 
McClelland and van Furth 1975). Lysozyme is 
considered to be one of the constitutive enzymes of 
the macrophages (Gordon et al. 1974, Gordon 

1978) . It is the major secretory product and forms 
about 25 % of the extracellularly secreted protein of 
macrophages. 

In 6 from 11 patients with sarcoidosis, initial 24- 
h secretion of lysozyme by monocytes exceeded the 
normal range of values for cells from 11 age- and 
sex-matched control individuals (Bodel et al. 

1979) . Cells with initially augmented secretion rates 
continued to secrete increased amounts of lyso- 
zyme for 3 days. A correlation was noted between 
in vitro secretion of lysozyme by monocytes and se- 
rum levels of lysozyme in the same patient. 

9.4. 5. 3 

Lysosomal Acid Hydrolases 

9.4.5. 3.1 
Proteases 

9.4.5. 3.2 

Lysosomal Acid Lipase 

Lysosomal acid lipase (EC 3.1.1.13) is a lipolytic en- 
zyme involved in the intracellular metabolism of 
cholesteryl esters and triacylglycerols derived from 
plasma lipoproterins (Goldstein et al. 1975). The 
enzyme is synthesised in a variety of cells, includ- 
ing fibroblasts (Sando and Henke 1982, Sando 
and Rosenbaum 1985), mononuclear leucocytes 
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(Coates et al. 1982), lymphocytes (Coates et al. 
1975) and liver cells (Ameis et al. 1994). After syn- 
thesis in the endoplasmic reticulum, the enzyme is 
targeted to the lysosomal compartment (Sando 
and Henke 1982). Ameis et al. (1994) give a com- 
plete nucleotide sequence and deduced protein se- 
quence for human LAL cDNA. There are some nu- 
cleotide differences of liver and fibroblast LAL 
cDNA. 

9.4. 5.3. 3 

(Deoxy)ribonudease 

9.4. 5.3.4 
Phosphatases 

Acid phosphatase (EC 3. 1.3. 2) is the classic lysoso- 
mal enzyme. The lead substitution method has lo- 
calised acid phosphatase in the phagosomes of 
macrophages (Cohn and Wiener 1963) and can be 
used for electron microscopy. 

9.4.5.3.5 
Glycosidases 

Glycosidase (N-acetyl-|j-D-glucosaminidase, N- ace- 
tyl-|3-D-galactosaminidase, |3-D-galactosidase, a-L- 
galactosidase, a-D-mannosidase, a-L-fucosidase 
and |3-D-glucuronidase) activities were higher in 
the alveolar macrophages obtained by bronchoalve- 
olar lavage from smokers than in those from non- 
smokers (Scharfman et al. 1980). 

Swainsonine reversibly inhibited macrophage ly- 
sosomal a-mannosidase (EC 3.2.1.24) in vitro 
(Greenaway et al. 1983). 

9.4.5.3.6 
Sulphatases 

Arylsulphatase (EC 3. 1.6.1) from a 96 h rabbit peri- 
toneal exudate macrophage was present in seg- 
ments of the rough endoplasmic reticulum, and 
perinuclear cisterna as well as within numerous 
small vesicles in the Golgi region, probably corre- 
sponding to secondary lysosomes (Nichols et al. 
1971, Davies and Bonney 1980). 

9.4.5.4 

Deaminase: Arginase 

Rat peritoneal macrophages elicited with X- 
carrageenan had 10 times greater arginase activity 
than resident cells at harvest (Albina et al. 1988). 



9.4.6 

Inhibitors of Enzymes 

Minactivin is a human monocyte product which 
specifically inactivates urokinase-type plasminogen 
activators (Golder and Stephens 1983). This inhi- 
bitory activity of monocyte culture supernatant was 
enhanced after culture with muramyl dipeptide. In- 
hibition was specific for M r 52,000 and 36,000. 

9.4.7 

Proteins of Extracellular Matrix 
or Cell Adhesion 

9.4. 7.1 

Fibronectin 

Alitalo et al. (1980) showed that cultured human 
blood monocyte-derived macrophages secreted fi- 
bronectin, but did not deposit a pericellular fibro- 
nectin matrix as do various connective tissue cell in 
culture. 

Ozone exposure (0.1 ppm for 10, 20, or 30 min) to 
alveolar macrophages obtained by bronchoalveolar 
lavage from healthy, nonsmoking volunteers be- 
tween the ages of 18 to 25 years, did not produce in- 
creased amounts of fibronectin (Devlin et al. 1994). 

In idiopathic pulmonary fibrosis, alveolar mac- 
rophages have glucocorticoid receptors, but gluco- 
corticoid therapy does not suppress alveolar macro- 
phage release of fibronectin (Lacronique et al. 

1984) . 

Rom et al. (1984) studying alveolar macrophages 
obtained by bronchoalveolar lavage from 7 indivi- 
duals exposed to asbestos, 4 coal miners and 2 pa- 
tients with silicosis, suggested that similar to the 
pathogenesis of fibrosis in the interstitial lung dis- 
orders of unknown aetiology, activation of alveolar 
macrophages to release increased amounts of fibro- 
nectin and alveolar macrophage derived growth 
factor might play a role in the development of fibro- 
sis in the pneumoconioses. In coalworkers’ pneu- 
moconiosis, fibronectin was detected by immuno- 
fluorescence microscopy on the surface of mac- 
rophages laden with dust particles (Friemann et al. 

1985) . Fibronectin provides a mechanism for at- 
taching the fibroblast to the connective tissue ma- 
trix and plays a role as a competence signal to move 
fibroblasts into the early portion of Gi of the re- 
plication cycle (Erdogdu and Hasirci 1998). 

H 2 0 2 alone induced no changes of fibronectin 
purified from human plasma, even at an 800-fold 
molar excess (Vissers and Winterbourn 1991). 
Radiolytic HO' caused a rapid loss of tryprophan 
fluorescence, an increase in bityrosine fluorescence, 
and extensive crosslinking. 
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9.4. 7. 2 

Gelatin-Binding Protein/95 kDa Gelatinase 

Vartio (1985) isolated a 95 kDa protein from hu- 
man blood monocytes cultured in a 1:1 mixture of 
medium 199 and RPMI 1640 supplemented with 
5 % newborn calf serum by preparative polyacryl- 
amide gel electrophoresis. The ability of this frac- 
tion to degrade gelatine was calcium-dependent and 
was inhibited by serum, sulfhydryl and metal- 
chelating agents, but not with serine proteinase in- 
hibitors. Gelatine was degraded optimally at pH 7-9 
and at 41 °C and 37 °C and less effectively at 22 °C. 
Native type I collagen was degraded at 41 °C but not 
at 37 °C or 22 °C. The results showed that cultured 
human macrophages secreted highly specific 
gelatine-degrading metal-proteinase activity associ- 
ated with the 95 kDa gelatine-binding protein. 

9.4. 7. 3 

Thrombospondin 

9.4. 7.4 

Chondroitin Sulphate Proteoglycans 

Resident mouse peritoneal macrophages synthesise 
and secrete equivalent amounts of chondroitin 
sulphate and heparan sulphate proteoglycans (Kol- 
set 1987). 

9.4. 7. 5 

Heparin Sulphate Proteoglycans 

Resident mouse peritoneal macrophages synthesise 
and secrete equivalent amounts of heparan sulphate 
and chondroitin sulphate proteoglycans (Kolset 
1987). 

9.4.8 

Bioactive Oligopeptides 

9.4.8. 1 
Glutathione 

Glutathione (L-y-glutamyl-L-cysteinyl-glycine, GSH) 
was released by rat pulmonary alveolar macroph- 
ages cultured in RPMI 1640 supplemented with 
10% foetal calf serum exposed for 2 h to 0-100 pg 
quartz particles (Min-U-Sil, 4.5 ±1.0 pm) or croci- 
dolite asbestos (IUAC, fibre length 2.1 ±0.31 pm) in 
a concentration-dependent manner (Boehme et al. 
1992). 

In plasma from 24 healthy individuals aged 
25-35 years, Jones et al. (2000) found the concen- 
tration of GSH (2.8 ±0.9 pM) much higher than that 
of GSSG (0.14±0.04 pM). The redox potential of the 



GSSG/2GSH pool (-137 ±9 mV) was considerably 
more oxidised than values for tissues and cultured 
cells (-185 to -258 mV). This indicates that a rapid 
oxidation of GSH occurs upon release into plasma. 
The difference in values between individuals was 
remarkably small, suggesting that the rates of re- 
duction and oxidation in the plasma are closely bal- 
anced to maintain this redox potential. 

Glutathione thiyl radicals (GS‘) can be produced 
e.g. when radicals from oxidable drugs redox cycle 
(Schreiber et al. 1989), or in the repair of oxida- 
tive stress (O’Brien 1988) and radiation damage 
(Quintiliani et al. 1977). 



GSH + HO' — *-GS' + H 2 0 


[163] 


The fate of GS" depends critically on four key, rap- 


idly established equilibria: 

GSH »-GS~ + H + 


[164] 


GS' + GS~ -«— ► GSSG"~ 


[165] 


gs- + o 2 -«-*~gsso- 


[166] 


gs- + hcfPfPr 3 »-gsh + -cfPfPr 3 


[167] 


and on a fast electron transfer reaction: 




GSSG- + 0 2 — ►GSSG + 0 2 - 


[168] 



The kinetics of [164]-[167] have been investigated, 
mostly by pulse radiolysis, although some rate con- 
stants are known only for analogous reactions in- 
volving other thiols. 

Glutathione esters have been shown to increase 
the levels of GSH in the liver and kidney of mice. 
Administration of y-glutamylcysteinylglycine mono- 
methyl or monoethyl esters at doses of 10 mmol/kg 
intraperitoneally raised GSH levels 4-fold in mice 
with GSH levels depleted by prior treatment with l- 
buthionine sulphoxime (Puri and Meister 1983). 
The improved uptake of the esters, and their subse- 
quent intracellular hydrolysis to GSH may be ex- 
plained by improved permeability through lysoso- 
mal membranes, and by specific hydrolysis by lyso- 
somal esterases (Goldman 1973, Goldman and 
Naider 1974). 

Glutathione has long been suspected to be the 
primary source of oxidative power for protein fold- 
ing. It has now been shown to be just the opposite, 
namely a source of reductants (Bader et al. 1999). 
The ultimate origin of oxidants has become even 
more of a mystery. 

Detoxification by glutathione is involved in the 
cellular resistance of cancer cells to anticancer 
drugs (Morrow and Cowan 1990). 
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While the IGROV ovarian cancer cell line was 
very sensitive to cisplatin (IC 50 = 0.2 pg/ml), the IC 50 
of the drug-resistant subline IGROV CDDP was 4.0 pg/ 
ml ( P <0.01) (Schellens et al. 1995). Total GSH in 
the resistant cell line was not increased: 7.65 + 0.84 
in the parental cell line and 4.11 ± 1.15 pg GSH/mg 
protein in IGROV CDDP (P <001). 

9.4.9 

Arachidonic Acid and Prostaglandins 

Elaboration of eicosanoids, oxygenated derivatives 
of arachidonic acid, is one means by which mac- 
rophages can regulate the functions of other effec- 
tor cells, and thereby modulate inflammation and 
immune processes as well as tissue injury and re- 
pair (Nathan 1987). Inasmuch as eicosanoids have 
been implicated in physiologic and pathologic pro- 
cesses in the lung (Henderson jr 1987), an under- 
standing of the alterations in arachidonic acid me- 
tabolism that accompany macrophage differentia- 
tion in the lung is of substantial interest. 

9.4.9. 1 

Arachidonic Acid Release 
from Membrane Phospholipids 

Phospholipid breakdown is one of the earliest cellu- 
lar events elicited by many extracellular signalling 
substances. Phospholipases A 2 , C and D are in- 
volved in these signal transduction pathways. Phos- 
pholipase A 2 (EC 3. 1.1.4) or phosphatidylcholine 2- 
acylhydrolase is thought to be the key enzyme of 
the arachidonic acid cascade inducing the libera- 
tion of arachidonic acid from phospholipids and 
consequently the formation of eicosanoids, which 
are important biological mediators in many inflam- 
matory processes. Phospholipase C (EC 3. 1.4. 3) hy- 
drolysing inositol phospholipids produces diacyl- 
glycerol, which both serves as the major physiologi- 
cal regulator of protein kinase C and as substrate 
for diacylglycerol lipase (EC 3.1.1.34) leading to the 
liberation of arachidonic acid and thus to the for- 
mation of eicosanoids. 

When rat pineal glands were incubated in cul- 
ture, time-dependent release of arachidonic acid 
was significantly inhibited by a known 85-kDa cy- 
tosolic phospholipase A 2 inhibitor, methyl arachi- 
donyl fluorophosphonate (Li et al. 2000). Co- 
incubation with melatonin inhibited the arachi- 
donic acid release in a concentration dependent 
manner, and this decrease was accompanied by a 
reduction of cytosolic phospholipase A 2 protein 
and mRNA expression. Melatonin-receptor ag- 
onists, 2-iodo-N-butanoyl-5-methoxytryptamine 
and 5-methoxycarbonylamino-N-acetyltryptamine, 



also decreased arachidonic acid release and cyto- 
solic phospholipase A 2 protein and mRNA levels, 
while pre-incubation with the melatonin-receptor 
agonists luzindole and 2-phenylmelatonin abol- 
ished the melatonin effects. 

Mineral oil-elicited guinea pig peritoneal mac- 
rophages released arachidonic acid in excess of that 
of unstimulated cells when stimulated with the io- 
nophore, A23187, followed in decreasing potency 
by phorbol myristate acetate, a group of agents of 
similar activities (opsonized zymosan, phospholi- 
pase C, NaF, and fMet-Leu-Phe), and by concanava- 
lin A and wheat germ agglutinin (Bromberg and 
Pick 1983). 

In rat alveolar macrophages incubated with < 20 
pM eicosapentaenoic acid and further incubated 
with 1 mg Si0 2 for 90 min, the production of LTB 4 
(eicosatrienoic acid) was inhibited dose-dependent- 
ly. While production of LTB 5 , a metabolite of eicosa- 
pentaenoic acid, was increased at < 10 pM eicosa- 
pentaenoic acid and decreased at > 10 pM (Saku et 
al. 1996). 

Rabbit alveolar macrophages exhibited an appar- 
ent discrepancy between the abundance of immu- 
nospecific cP450 4A protein and no 20-hydroxy- 
eicosatetraenoic acid production (Zhu et al. 1998). 
'NO generated by alveolar macrophages may auto- 
inhibit the P450 4A enzymes and production of 20- 
HETE in these cells. 

Human bronchoalveolar macrophages produce 
leukotriene B 4 (Fels et al. 1982). A rapid conversion 
of LTB 4 into dihydro-LTB 4 (5,12-dihydroxyeicosa- 
trienoic acid) is mediated by reduction of one of the 
conjugated double bonds, while no co-oxidised 
products were detected in pure macrophage sus- 
pensions (Schonfeld et al. 1988). 

LY293111 is a potent leukotriene B 4 receptor 
antagonist with exceptional oral activity (Sofia et 
al. 1997). It inhibited binding of [ 3 H]LTB 4 to guinea 
pig lung membrane receptors and to receptors on 
human neutrophils with a K, = 7.1 ± 1.1 nM and an 
IC 50 = 17.6 ±4.8 nM, respectively. In vivo the agent 
blocked LTB 4 -induced airway obstruction when ad- 
ministered both intravenously (ED 50 = 0.014 mg/kg) 
and orally (ED 50 = 0.40 mg/kg). Histological evalua- 
tion of total granulocyte infiltration into lung tissue 
induced by LTB 4 showed when given orally, LY2931 1 
sodium salt inhibited cell migration with an ED 50 = 
3.0 mg/kg. Analysis of the lung lavage fluid from 
these animals demonstrated that neutrophil migra- 
tion into the lumen was also inhibited (ED 50 = 
0.2 mg/kg). 
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9.4.9. 2 

Inhibition of Arachidonic Acid Metabolism 
by Radical Scavengers 

Epidemiological and clinical evidence indicates a 
strong chemopreventive effect of prostaglandin 
synthesis by nonsteroidal antiinflammatory drugs 
on human colorectal cancer (Marks et al. 1996). 
The initiation-promotion approach of mouse skin 
carcinogenesis provides a model for mechanistic 
evaluation and further improvement of such che- 
mopreventive measures which are aiming at an in- 
terruption of tumour development at a premalig- 
nant stage. 

Lipoxygenase (EC 1.13.11.12) catalyses the stere- 
ospecific dioxygenation of polyunsaturated fatty 
acids containing a l,4-ris,czs-pentadiene system to a 
pentadienyl radical intermediate which reacts with 
molecular oxygen to yield czs,fra«s-conjugated 
diene hydroperoxides (Wiseman et al. 1988). 

The phospholipase A 2 inhibitor dibromoaceto- 
phenone, the anti-inflammatory steroid fluocino- 
lone acetonide or the lipoxygenase inhibitor nordi- 
hydroguiaretic acid just prior to intraperitoneal in- 
jection of 100 ng 12-O-tetradecanoylphorbol- 13- 
acetate into unmanipulated CD-I female mice re- 
sulted in a dose-dependent decrease in the number 
of peritoneal exudate cells producing superoxide 
anion radical as assessed by the reduction of nitro- 
blue tetrazolium, while the cycloxygenase inhibitor 
indomethacin had no effect on the number of 
formazan-positive peritoneal exudate cells caused 
by PMA treatment (Czerniecki and Witz 1989). 

Bryostatin 1 could inhibit the effect of 12-O- 
tetradecanoylphorbol- 13-acetate both in stimula- 
tion of [ 3 H]arachodonic acid release and the induc- 
tion of prostaglandin H synthase in Madin Darby 
canine kidney cells cultivated in Dulbecco’s modi- 
fied Eagle’s medium (Parker et al. 1988). 

y-Glutamyl transferase (EC 2. 3.2. 2), a glycopro- 
tein enzyme widely distributed on cell surfaces, ca- 
talyses the conversion of leukotriene C 4 to leukot- 
riene D 4 . Since LTD 4 is biologically much more po- 
tent than LTC 4 (Lewis and Austen 1984, Piper 
1984), the partial degradation of the glutathione 
moiety to the cysteinylglycine derivative LTD 4 may 
be considered a biosynthetic reaction generating 
the ligand for the LTD 4 /LTE 4 receptor. 

Radical scavenging effects of leukotrienes 

ltd 4 > ltc 4 > ltb 4 



9.4.10 

Cyclic Nucleotides 

In RAW264 murine macrophages, Takahashi et al. 
(2000) identified three cAMP inducible mRNAs, 
named cl-l, cI-2, and cI-3 (for cAMP inducible ge- 
nes 1-3. The cI-3 probe was identical to a previ- 
ously known gene, gly96. 

PGE 2 within the range of 1.4 x 10~ 9 to 1.2 x 10“ 8 M 
inhibited PGI 2 (2.8 x 10' 6 M) stimulation of the ad- 
enylate cyclase of starch elicited rat peritoneal mac- 
rophages at PGE 2 concentrations that have no effect 
by themselves on the level of cyclic andenosine 
3’,5’-monophosphate (Adolfs and Bonta 1982). 
With higher concentrations of PGE 2 the inhibition 
was either non-existent of masked by the effect of 
PGE 2 per se on cyclic AMP levels. Cyclic AMP for- 
mation is stimulated in resident rat peritoneal cells 
by exogenous arachidonic acid (Elliott et al. 
1983). 

9.4.11 

Cytotoxic Substances 

Normal mouse peritoneal macrophages cultivated 
for < 8 h exerted a potent cytolytic activity against 
extracellular 51 Cr-labelled syngeneic erythrocytes, 
as demonstrated by isotope release to the medium 
(Melsom et al. 1975). This lytic reaction was due to 
the liberation of a labile macrophage cytolytic fac- 
tor < 1 kDa which required 10“ 4 M cystine for its 
detection. Experiments with 10' 4 M 5,5’-dithio- 
bis-(nitrobenzoic acid) demonstrated that the fac- 
tor depended on free sulphydryl groups. 10 pg a- 
Tocopherol/ml abolished both the sulphydryl and 
the ascorbic acid mediated lytic reaction support- 
ing the theory of lipid peroxidation as the molecu- 
lar mechanism of target cell lysis. While reduced 
glutathione and dihydrolipoic acid were effective, 
oxidised glutathone and lipoic acid were not. 

Rat macrophages activated by endotoxin in vitro 
released a factor cytotoxic for sarcoma cells but not 
for normal cells (Currie and Basham 1975). 

9.5 

Pharmacology 

9.5.1 

Receptors 

A receptor is an integral membrane protein which 
transduces biological information, conferred in sig- 
nals. 
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9.5.1. 1 

Cell Surface Receptors 

The macrophage cell surface as a crucial interface 
studded with receptors links antibody dependent 
molecular immune recognition triggering a broad 
spectrum of cellular responses including phagocy- 
tosis, cytolysis, release of lysosomal enzymes and 
mediators such as prostaglandin E 2 , and release of 
reactive oxygen metabolites. 

Membrane receptors contain single, fourfold, se- 
venfold, and 24-fold membrane-spanning domains. 

9.5.1. 1.1 

Single Membrane-Spanning Receptors 

Characteristic for all partners of the single 
membrane-spanning receptors, which are stimu- 
lated by transformation growth factors, is the fact 
that endocytosis usually takes place after the ligand 
binds to the receptor. 

Growth Hormone Receptor 

The growth hormone receptor is especially interest- 
ing because a high degree of homology exists be- 
tween the growth hormone receptor membrane 
protein and the growth hormone serum-binding 
protein (Hesch 1991). To determine if growth hor- 
mone would stimulate human alveolar macroph- 
ages, Keane et al. (1996) incubated cells gained by 
bronchoalveolar lavage with 10 nM HGH and 
100 nM HGH, respectively, for 4 h and stimulated 
them with fMet-Leu-Phe and E. coli, respectively. 
There were no significant differences between con- 
trol and HGH-incubated macrophages as to super- 
oxide anion release. 

9.5.1. 1.2 

Fourfold Membrane-Spanning Receptors 

The main function of the fourfold membrane- 
spanning receptors is at synapses, where they rap- 
idly modulate informational intensity. GABA and 
glycine receptors contain mainly a positively 
charged area composed of positively charged amino 
acids located on the extracellular and cytosolic sur- 
faces of the receptor, whereas the nicotinic acetyl- 
choline receptor is thought to contain mainly negat- 
ively charged areas. 

Phorbol esters were observed to reduce the rate 
of acetylcholine receptor synthesis in cultured chick 
myotubes (Miskin et al. 1978). These findings were 
confirmed by Bursztajn et al. (1988) and by 
Klarsfeld et al. (1989), who, in addition, dem- 
onstrated that phorbol esters enhance receptor ex- 



pression upon chronic exposure, thought to lead to 
a depletion of protein kinase C from the treated 
cells. 

9.5.1. 1.3 

Sevenfold Membrane-Spanning Receptors 

p-Adrenergic Receptor 

Computer analysis of [ I2 T]iodocyanopindolol com- 
petition studies using the relatively selective |3l- 
adrenoceptor antagonist, ICI 89406, and the |3 2 - 
selective antagonist, ICI 118551, on rabbit arterial 
blood mononuclear leucocyte plasmalemmal pre- 
parations favoured a two-site model indicating that 
both p r and |3 2 -adrenoceptor subtypes were pres- 
ent in approximately equal numbers (Tenner jr. et 
al. 1989). 

Exposure of THP-1 cells, a monocyte/macro- 
phage cell line, to 10 pM isoprenaline or 100 uM 
salbutamol for 30 min before an adhesion assay to 
human bronchial epithelial cells did not result in an 
increase in adhesion (Romberger et al. 2000). 




Fig. 122. Polysomes in an alveolar macrophage of a female rat 
(breeder: Winkelmann, Borchen-Kirchborchen) 30 min after 
inhaling 200 pg micronized isoprenaline HC1 + 300 pg mi- 
cronized phenylephrine bitartrate/puff from a Medihaler®. 12 
Puffs/min were dispersed into a 164.5 1 box where the animals 
stayed for 15 min. 30 min later under methitural anaesthesia, 
the lung was fixed by intratracheal instillation of 2.5 % gluta- 
raldehyde in phosphate buffer (pH 7.4) before opening the 
thorax. Postfixation with 1 % osmium tetroxide in phosphate 
buffer (pH 7.4). Contrasted en bloc for 12 h with 0.5 % uranyl 
acetate in 70% ethanol. Embedded in a 2:8 mixture of me- 
thyl and butyl methacrylate. Sectioned at 50 nm. Lead citrate 
after Reynolds (1963). Film 345/84 




280 Chapter 9 Alveolar Macrophages 



In human monocytes isoprenaline accumulates 
cAMP (Griese et al. 1990). 

Formoterol induced a significant ( P <0.01) in- 
crease of basal 0 2 *“ production from human alveo- 
lar macrophages recovered by bronchoalveolar lav- 
age from 1 1 patients with chronic obstructive pul- 
monary disease (Capelli et al. 1989). The effect 
was independent from dose and comparable to con- 
trol data obtained with zymosan. 

9.5.1.2 

Thyrotropin Receptors 

Binding of [ 125 I]TSH to monocytes is reversible and 
saturable (Chabaud and Lissitzky 1977). The cells 
exhibit high- affinity, low-capacity and low-affinity, 
high-capacity sites. 

9. 5. 1.2.1 

Cytosolic/Nuclear Receptors 

Cytosolic/nuclear receptors are primarily localised 
in the cytosol. They bind small lipophilic molecu- 
les, such as steroid or thyroid hormones, which 
pass the cell membrane by passive diffusion and, 
after activation, move towards the nucleus where 
the ligand-receptor complex exerts its specific func- 
tion by directly or indirectly modifying DNA tran- 
scription. 

Vitamin D Receptor 

The active form of vitamin D 3 , la, 25-dihydroxy- 
vitamin D 3 , is an important regulator of calcium 
metabolism and elicits most of its biological effects 
by binding to a high-affinity receptor in target tis- 
sues. In the formation of la,25-dihydroxyvitamin 
D 3 , vitamin D 3 is hydroxylated in two sequential 
steps. An initial 25-hydroxylation in the liver is fol- 
lowed by an la-hydroxylation in the kidney (De- 
Luca and Schnoes 1983). The 25-hydroxyvitamin 
D 3 la-hydroxylase (la-hydroxylase) is the key en- 
zyme in the determination of the level of la, 25- 
dihydroxyvitamin D 3 and plays a vital role in cal- 
cium homeostasis. It is present in the inner mito- 
chondrial membrane of renal proximal tubular cells 
(Kawashima et al. 1981, Paulson and DeLuca 
1985). While under physiological conditions, the 
kidney is the only site of la,25-dihydroxyvitamin 
D 3 (DeLuca 1988), in sarcoidosis or lymphoma, 
la-hydroxylase may be expressed at other sites 
(Armbrecht et al. 1992). 

The human vitamin D receptor is a member of 
the ligand-inducible nuclear transcription factors 
superfamily that regulate transcription through 
binding to hormone response elements in the target 



genes (Fuller 1991, Wahli and Martinez 1991, 
Gronemeyer 1992, Darwish and DeLuca 1993, 
Ross et al. 1994). These hormone response ele- 
ments are basically divided into two groups: the 
first consists of palindromic sequences which in- 
clude the glucocorticoid response elements sub- 
family (Mader et al. 1989, Umesono and Evans 
1989). The second group which includes vitamin D 
response elements consists of two direct repeats 
(Umesono et al. 1991, Carlberg 1995). In the lat- 
ter group, the spacing between the two repeat ele- 
ments plays an important role in determining hor- 
mone receptor specificity (Umesono et al. 1991). 
The data of Jin et al. (1996) clearly demonstrated 
the existence of an activation domain in the human 
vitamin D receptor that is separable from the do- 
main involved in dimerization. Factors that couple 
the human vitamin D receptor to the general tran- 
scription apparatus in yeast through the activation 
domain in the human vitamin D receptor, however, 
appear to be unrelated or dissimilar to those in 
COS-1 cells. 

The vitamin D receptor mediates the signal of 
la,25-dihydroxyvitamin D 3 by binding to vitamin D 
responsive elements in DNA as a homodimer or as 
a heterodimer composed of one vitamin D receptor 
subunit and one retinoid X receptor subunit (Ni- 
shikawa et al. 1995). Exogenous l,25(OH) 2 D 3 sti- 
mulated 24,25(OH) 2 D 3 synthesis in freshly isolated 
human monocytes, whereas matured macrophages 
showed no 24,25(OH) 2 D 3 synthesis (Kreutz et al. 
1992). Alveolar macrophages gained by bronchoal- 
veolar lavage from 8 healthy volunteers and 6 pa- 
tients with sarcoidosis II and incubated with vari- 
ous concentrations (10' 6 -10“ 12 mol/l) of vitamin D 3 
and 24,25-dihydroxyvitamin D 3 with and without 
priming with interferon-y expressed the intercellu- 
lar adhesion molecule (ICAM-1) in a dose- 
dependent manner and released TNF-a and reac- 
tive oxygen species in 6 of 8 healthy volunteers with 
highest values using a concentration of 10' 6 mol of 
vitamin D 3 /l, while in sarcoidosis these effects 
seemed to be less pronounced (Braun et al. 1996). 
l,25(OH) 2 D 3 induces human promyelocytic leukae- 
mia cell line, HL-60, to differentiate into monocy- 
tes/macrophages (Tanaka et al. 1983, Mangels- 
dorf et al. 1984, Inaba et al. 1986, 1987). While a 
high-salt extract of LG HL-60 cells displays specific 
l,25(OH) 2 [ 3 H]D binding activity, ATCC HL-60 cells 
after sonication showed little or no specific binding 
explainable by the action of a serine protease in 
these cells (Inaba and DeLuca 1989). 

New analogues of vitamin D have been de- 
veloped in an attempt to separate the calcaemic ac- 
tions from the effects on cell replication and diffe- 
rentiation. The most effective approach appeared to 
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be modification of the side chain of the vitamin D 
molecule. EB1089 and KH1060 were more effective 
in the differentiation of U937 and HL-60 cells than 
the native hormone (James et al. 1997). KH1060 is 
characterised by altered stereochemistry at the car- 
bon 20 position. 

The conversion of vitamin D -binding protein to 
a very potent macrophage activating factor (Yama- 
moto and Homma 1991) involves stepwise deglyco- 
silation of the glycosilated vitamin D-binding pro- 
tein molecules (natural vitamin D-binding protein 
is only 0%-5% glycosilated) by membranous (3- 
galactosidase and sialidase of inflammation-primed 
B and T cells. While vitamin D-binding protein- 
macrophage activating factors obtained from natu- 
ral vitamin D-binding protein significantly en- 
hanced macrophage activity over the control, re- 
combinant vitamin D-binding protein-macrophage 
activating factor had no effect (Ray 1996). 

The absence of specific l,25-(OH) 2 [ 3 H]D 3 bind- 
ing activity in HL-60 cell preparations is due to pro- 
teolysis of the l,25-(OH) 2 [ 3 H]D 3 receptor (Inaba 
and DeLuca 1989). An endogenous proteinase may 
act on the steroid-binding domain of the 1,25- 
(OH) 2 D 3 receptor or in its immediate vicinity, be- 
cause it destroyed the l,25-(OH) 2 D 3 -binding ability 
of unoccupied receptor, but did not digest occupied 
receptor. The proteinase appeared to belong to the 
serine class of proteases, which is specifically inhi- 
bited with diisopropylfluorophosphate and not hy- 
drolysed diisopropylfluorophosphate. 

Contact with UMR106 rat osteoblast-like cells 
and the presence of la25-dihydroxyvitamin D 3 and 
human macrophage colony stimulating factor were 
absolute requirements for differentiation of human 
breast carcinoma tumour-associated macrophages 
into mature functional osteoclasts (Quinn et al. 
1998). 

9.5.2 

Serotonin 

In murine macrophages serotonin antagonists (250 
pM methysergide, cyproheptadine or spiperone) in- 
hibited the binding of serotonin and muramyl pep- 
tides and the respiratory burst induced by these 
stimuli (Silverman et al. 1985). These data suggest 
that muramyl peptides and serotonin act via the 
same receptor. 

During the respiratory burst of human blood 
monocytes serotonin acts as a radical scavenger 
and is oxidised to a dimer, probably 5, 5’ -dihydroxy- 
4, 4’-bitryptamine (Schuff-Werner et al. 1995). 





Autoxidation of serotonin [167] 



9.5.3 

Histamine 

Bovine alveolar macrophages in response to hista- 
mine in a dose- ( P <0.001) and time- ( P <0.001) 
dependent manner released eosinophilic chemo- 
tactic activity (Nomura et al. 1996). The activity 
was predominantly ethyl acetate extractable. The 
release of eosinophilic chemotactic activity was in- 
hibited by lipoxygenase inhibitors (P <0.01). Leu- 
kotriene B 4 receptor inhibitor inhibited the eosino- 
philic chemotactic activity (P <0.01). 

9.5.4 

Dexamethasone 

Glucocorticoid (dexamethasone or prednisolone) - 
induced reduction of prostanoid synthesis in PMA 
(5 nM)-differentiated U937 cells is mainly due to a 
reduced cyclooxygenase activity (Koehler et al. 
1990). Cyclooxygenase-2 as a target of glucocortic- 
oid regulation was confirmed by ex vivo studies 
(Masferrer et al. 1994): cyclooxygenase-2 levels 
were undetected in macrophages from normal rats, 
but were elevated following adrenalectomy, and not 
detectable in adrenalectomized animals receiving 
dexamethasone replacement therapy. These data 
show that also under normal physiological condi- 
tions, cyclooxygenase-2 levels are regulated by en- 
dogenous glucocorticoids. 
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Treatment of RAW 264.7 cells with dexametha- 
sone reduced the formation of nitrite, one of the 
stable end products of 'NO production as measured 
in culture supernatants (Walker et al. 1997). The 
IC 50 is approximately 9 nM of dexamethasone. The 
reduction of iNOS activity is caused by decreased 
iNOS protein levels as assessed by immunoblotting 
using a specific anti-iNOS-antibody. Dexametha- 
sone treatment reduces the formation of iNOS 
mRNA steady state levels by about 50% of IFN-y- 
induced iNOS mRNA levels. This is due to de- 
creased iNOS gene transcription and iNOS mRNA 
stability. 

Cortexolone (4-pregnene-17,21-diol-3,20-dione), 
a partial agonist of the glucocorticoid receptor, and 
RU 38 486 [17|3-hydroxy-ll|3-(4-dimethylamino- 
phenol) 17a-(prop-l-ynyl)estra-4,9-diene-3-one], a 
pure antagonist, were able to modulate and par- 
tially inhibit the suppressive effect of dexametha- 
sone on the induction of N0 2 “ in specific pathogen- 
free male Wistar rat alveolar macrophages (Jorens 
et al. 1992). 

9.5.5 

Dehydroepiandrosterone 

Dehydroepiandrosterone added in vitro to alveolar 
macrophages lavaged from 11 non-smoking asbes- 
tos workers significantly reduced superoxide anion 
release (Rom and Harkin 1991). 

9.5.6 

Phosphodiesterase Inhibitors 

Theophylline, pentoxifylline, and amrinone [5- 
amino-3,4’-bipyridin-6(lH)-on, a specific PDE 3 in- 
hibitor] by therapeutic-range levels down-regulated 
the release of H 2 0 2 , nitrite and TNF-a in a rat alveo- 
lar macrophage cell line, NR8383, which responds 
vigorously and predictably to various soluble and 
particulate stimuli by producing these inflamma- 
tory mediators (Helmke et al. 1996). The release of 
IL-6, however, while inhibited by > 20 pg/ml ami- 
rone, was enhanced by theophylline or pentoxifyl- 
line at concentrations of > 5 mM. This effect was 
seen only after exposure to particulate zymosan 
and was absent with LPS, a soluble stimulus. 

Pentoxifylline (1 mM) stimulated the rate of rab- 
bit alveolar macrophage spreading on glass covers- 
lips more than twofold (Wang et al. 1996). It re- 
duced superoxide generation induced by phorbol- 
myristate-acetate by >50 %. Production of TNF-a 
induced by lipopolysaccharide was suppressed 
>85%. 



9.5.7 

H + -Transport Inhibitors 

A plasmalemmal V-type H + pump (V-ATPase) and 
a Na + /H + exchanger interact to control the cytosolic 
pH (pHj) of alveolar macrophages. The NADPH ox- 
idase system that generates superoxide anions in 
activated phagocytes is sensitive to pH. In rabbit al- 
veolar macrophages superoxide production in- 
duced by phorbol myristate acetate was reduced 
(—50 %) by 10 pM bafilomycin A 1; a specific inhibi- 
tor of ATPases, and marginally reduced (—15 %) by 
1 mM amiloride, an inhibitor of Na + /H + exchange 
(Heming et al. 1996). Neither amiloride nor Na + - 
free media altered macrophage pH,. Molski et al. 
(1986) showed that most of the fMet-Leu-Phe- 
stimulated Na + influx is not coupled to H + efflux. H- 
7 [l-(5-isoquinolinesulfonyl)-2-methylpiperazine], 
a potent inhibitor of both protein kinase C and 
cyclic nucleotide-dependent protein kinases, blocks 
fMet-Leu-Phe-induced cell alkalinization without 
inhibiting superoxide anion formation, indicating 
that an increase of the intracellular pH is not obli- 
gatory required for activation of superoxide anion 
radical formation. 

Bafilomycin (10 pM, pH 7.4) caused shortening 
of microvilli, focal loss of surface ruffles, and 
marked cytoplasmic vacuolation in resident rabbit 
macrophages by 1 h incubation, with significant 
macrophage fragmentation and apoptosis at 48 h 
incubation (Haque et al. 1997). Amiloride (100 pM, 
pH 7.4) caused elongation of microvilli and signifi- 
cant apoptosis by 1 h incubation. 

In human alveolar macrophages gained by bron- 
choalveolar lavage from healthy subjects bafilomy- 
cin Aj inhibited phagolysosomal sealing and Fc- 
mediated phagocytosis (Coakley et al. 1996). 

9.5.8 

Phenylbutazone 

Phenylbutazone (100 pM) significantly ( P = 0.01) 
inhibited H 2 0 2 production by human monocytes/ 
macrophages stimulated by 1 mg non-opsonized 
zymosan/10 6 cells or 0.1 pM 12-O-tetradecanoyl- 
phorbol-13-acetate (Baggiolini et al. 1985). 

A phenylbutazone radical has been identified 
spectrophotometrically using pulse radiolysis dur- 
ing which a solution of phenylbutazone was bom- 
barded with hydroxyl radicals (Evans and Aruoma, 
unpublished work). It is therefore likely that ferryl 
systems oxidise the drug to free radical forms 
which cause oxidative damage to arachidonic acid 
and aj-antiproteinase. 
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9.5.9 

Phenothiazines 

9. 5.9.1 

Promethazine 

Promethazine or chlorpromazine but not thiazina- 
mium chloride reduced the respiratory burst during 
phagocytosis of zymosan by rat alveolar macroph- 
ages gained by lung lavage in a dose-dependent 
manner (Chang et al. 1983). 

9.5.9. 2 

Thiazinamium Chloride 



Piette et al. (1964) measured the dismutation reac- 
tion constant, k d , at pH 4.8 to be 15.0 M _1 xs _1 . This 
extreme stability of the free radical allowed further 
oxidation of the free radical by horse radish peroxi- 
dase in the substrate-limited case; the rate constant 
for this reaction Piette et al. (1964) found to be 
3.9 xlO 4 JVT'xs" 1 , approximately 10 times slower 
than k 4 , the first oxidation. 

Chlorpromazine sulphoxide, a chlorpromazine 
metabolite formed in man and several other mam- 
malian species, produced when irradiated with 
near-UV light large amounts of the highly reactive 
hydroxyl radical (Buettner et al. 1986). 



Thiazinamium chloride did not reduce the respira- 
tory burst during phagocytosis of zymosan by rat 
alveolar macrophages gained by lung lavage 
(Chang et al. 1983). 



9.5.9.3 

Chlorpromazine 



The univalent oxidation of chlorpromazine in vitro to 
a free-radical intermediate has been clearly demonst- 
rated in a variety of EPR experiments (Borg and 
Cotzias 1962, Piette and Forrest 1962). In each 
case oxidation was produced by either a metal ion 
(Fe 3+ , Ce 4+ ), concentrated acid, or controlled electro- 
lysis. The univalent oxidation produced a coloured 
intermediate with an absorption maximum at 
255 nm and 530 nm. Cavanaugh (1957) reported 
chlorpromazine to be a substrate for both peroxidase 
(donor:H 2 0 2 oxidoreductase, EC 1.11.1.7) and cata- 
lase (H 2 0 2 :H 2 0 2 oxidoreductase, EC 1.11.1.6) system. 
He reported the formation of a coloured product 
(530 nm) in the reaction of chlorpromazine with 
both peroxidase-H 2 0 2 and catalase over a pH rase, EC 
1.11.1.6) se, EC 1.11.1.6) nge of 3 to 6.3. Gillette and 
Kamm (1960) have shown that chlorpromazine is 
completely oxidised to both the sulphoxide and sul- 
phone by the enzymatic action of liver microsomes. 




Chlorpromazine 





Chlorpromazine radical 



[64] 



9.5.10 

Thiosemicarbazones 

The primary lesion created in cells by the hetero- 
cyclic carboxaldehyde thiosemicarbazones is inter- 
ference with the biosynthesis of DNA, and this ac- 
tion is primarily due to the potent inhibition of ri- 
bonucleoside diphosphate reductase activity. 5- 
Hydroxypicolinaldehyde thiosemicarbazone (NSC- 
107392) inhibits ribonucleoside diphosphate reduc- 
tase by the chelation of iron. Krakoff et al. (1974) 
tried the drug by intravenous injection to 30 pa- 
tients with leukaemia or various solid tumours. 
Marked haemolysis, iron chelation, and urinary ex- 
cretion of iron occurred. 



a CH=N — NH — CS — NH 2 
Pyridine-3-aldehyde thiosemicarbazone [168] 



CH=N— NH — CS— NH 2 




Pyridine-4-aldehyde thiosemicarbazone [169] 




2-Oxo-indole-3-carbaldehyde-thiosemicarbazone [170] 




5-Methylisatin-3-thiosemicarbazone [171] 
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l-Methylisatin-3-thiosemicarbazones and Cu 2+ ions 
form a stable complex with which any type of 
nucleic acid of at least 25 kDa would firmly associ- 
ate (Mikelens et al. 1976). Among the copper(II)- 
bisthiosemicarbazone chelates, Cu(II)[2,3-butane- 
dionebis(N 4 -methylthiosemicarbazone)] is a most 
effective superoxide dismutase-like compound 
(Wada et al. 1994). Copper(II)bisthiosemicarbazo- 
nes rapidly distributed to all tissues and readily 
crossed cell membranes as well as the blood-brain 
barrier with high distributions to the brain and the 
heart. The superoxide dismutase-like activities of 
Cu(II)[2,3 - butanedionebis(N 4 - methylthiosemicar- 
bazone)], as measured by several well-known meth- 
ods, were compared to that of Cu(II) 2 Zn(II) 2 super- 
oxide dismutase. The Cu(II)[2,3-butanedionebis 
(W’-methylthiosemicarbazone)] showed high IC 50 
values in these experiments. However these IC 50 val- 
ues were approximately two orders of magnitude 
higher than the corresponding IC 50 values of 
Cu(II) 2 Zn(II) 2 superoxide dismutase. 

9.5.11 

Isoniazide 

Isoniazide, an antituberculous drug, was determined 
in alveolar macrophages by high-performance li- 
quid chromatography (Guillaumont et al. 1982). 

9.5.12 

Histamine Liberator 48/80 

After an intravenous injection of Compound 48/80 
(1 mg/kg body weight) the phagocytic function of 
the reticuloendothelial system (India ink clearance) 
of female albino rats remained unchanged (Lazar 
et al. 1968). Carbon granules could not be seen in 
the lungs or kidneys. 

9.5.13 

Dinitrophenol 

Rats instilled intratracheally with 50 mg Dorentrup 
quartz and medicated with 2,4-dinitrophenol aerosol 
inhalations for 19 months initially showed some retar- 
dation in the development of pulmonary fibrosis, but 
after 9 and 12 months an increased proliferation of 
connective tissue occurred which was only insignific- 
antly different from that in unmedicated quartz dust- 
instilled control rats (Beck and Schlipkoter 1960). 

9.5.14 

Chlorophyllin 

Chlorophyllin, the sodium-copper salt of chloro- 
phyll is used in the treatment of several human ail- 



ments, particularly in geriatric patients (Young 
and Bergei 1980). Under in vitro conditions chlo- 
rophyllin is known to be a highly efficient antimu- 
tagenic agent which can significantly reduce or 
eliminate the mutagenic activity of an impressive 
range of chemical mutagens/carcinogens like afla- 
toxin Bu 2-aminoanthracene, benzo[a]pyrene, N- 
methyl-N-nitro-N-nitrosoguanidine, diemethylnit- 
rosamine and nitrosamines related to tobacco, and 
complex mixtures such as cigarette smoke. 

Treatment with chlorophyllin inhibited nitric 
oxide production in the lipopolysaccharide- 
stimulated murine RAW 264.7 cells in a dose-related 
manner (Cho et al. 2000). Competitive RT-PCR 
analysis, using a DNA competitor as an internal 
standard, demonstrated that the treatment with 1, 
10, and 50 iiM chlorophyllin decreased lipopoly- 
saccharide-induced inducible nitric oxide synthase 
mRNA expression in a concentration- dependent 
manner. Chlorophyllin down-regulated the NF-xB 
DNA binding on its cognate recognition site. 

9.5.15 

Chloroquine 

Chloroquine is rapidly taken up by mouse perito- 
neal macrophages cultured on cover slips in Leigh- 
ton tubes as observed by phase-contrast micros- 
copy and recorded by motion pictures (Fedorko et 
al. 1968). The drug is localised in small foci in the 
Golgi region. 

Autophagic vacuoles containing various cyto- 
plasmic components and acid phosphatase were 
produced in mouse peritoneal macrophages by ad- 
dition of 30 pg chloroquine/ml culture medium 
(Fedorko et al. 1968). The early toxic vacuoles ap- 
peared in the perinuclear region within 15 min; on 
electron microscopy, they showed irregular shape, 
amorphous moderately dense content, apparent 
double membranes, and in some instances curved 
thin tubular extensions with a central, dark linear 
element. When chloroquine was removed by chang- 
ing the culture medium after 4 h, the cells survived 
and 24 h later they exhibited no abnormality except 
for large cytoplasmic dense bodies packed with 
membrane lamellae. 24 h after exposure to chloro- 
quine the macrophages had accumulated less hy- 
drolases than control cells. 

Inhibition of the serum treated zymosan- 
stimulated superoxide anion generation from hu- 
man blood mononuclear cells preincubated for 
30 min or 60 min with 0.001 mM-0.1 mM chloro- 
quine was time- and dose-dependent (Hurst et al. 
1986). The drug could not markedly influence the 
oxygen burst induced by phorbol-myristate-acetate, 
A23187 or fluoride ion, excluding a significant ef- 
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feet on protein kinase C, calmodulin-dependent ki- 
nase(s) or the membrane-bound superoxide- 
generating NADP(H)-oxidase. 

Chloroquine (0.1 mM) caused a decrease in 
mouse peritoneal macrophage antigen catabolism 
associated with inhibition of antigen presentation 
( 125 I-labeled Listeria monocytogenes) to T cells 
(Ziegler and Unanue 1982). 



9.5.17 

Poly-2-vinylpyridine-1 -oxide 

The uptake of poly-2-vinylpyridine-l-oxide into ly- 
sosomes of alveolar macrophages of rats (Grund- 
mann 1967) and guinea pigs (Beck and Boje 1967) 
and hepatic Kupffer cells of mice (Bairati and 
Castano 1968) has been documented. 



9.5.16 

Azaspiranes 

The immunomodulatory azaspiranes are novel ca- 
tionic amphiphilic drugs with beneficial effects in a 
number of animal models of autoimmune disease 
and transplantation. Waites et al. (1995) compared 
dimethyl-8, 8-dipropyl-2-azaspiro [4,5] decane- 
2-propanamine HC1 (SK&F 105685) and two analo- 
gues, SK&F 106615 and SK&F 103811 with chlor- 
phentermine and chloroquine for their ability to in- 
duce phospholipid accumulation and suppressor 
cell activity. Oral administration of SK&F 105685 
and SK&F 106615 caused phospholipid accumula- 
tion in bronchoalveolar lavaged rat macrophages 
but to a far lesser extent (three- to fivefold) than 
chlorphentermine. Neither the immunologically 
unreactive azaspirane SK&F 103811 nor chloro- 
quine affected phospholipid levels. Alveolar mac- 
rophages from rats treated with SK&F 105685 or 
SK&F 106615 expressed more potent suppressor cell 
activity than chlorphentermine. Neither SK&F 
103811 nor chloroquine induced suppressor cell ac- 
tivity. 



" — CH — CH 2 — " 




Poly-2-vinylpyridine-A/-oxide 

(PVNO) 



" — CH— CH 2 — " 




Nash et al. (1966) synthesised another compound, 
polyvinylpyridinioacetic acid, which has even 
greater hydrogen bonding capacity than poly-2- 
vinylpyridine- 1 -oxide and very efficiently protects 
macrophages from silica toxicity. This protection 
was confirmed by Sakabe and Koshi (1967), who 
also showed that it prevents the increase in acid 
phosphatase in macrophages following exposure to 
quartz particles < 2 pm in diameter. However, poly- 
betaine was slightly more active than poly-2- 
vinylpyridine- 1 -oxide. 

The protective effects of syndiotactic and iso- 
tactic poly-2-vinylpyridine-l -oxide remarkably dif- 
fer in the spatial arrangement of the structural un- 
its (Holt et al. 1970). The isotactic polymer has 
probably a helical conformation. When the cultures 



Fig. 123. Alveolar macrophage from a female 
rat (breeder: Winkelmann, Borchen- 
Kirchborchen) which inhaled micronized 
poly-2-vinylpyridine- 1 -oxide for 15 min per 
day, 5 times per week from July 25, 1967 to 
January 15, 1968. Fixed on January 15, 1968 
under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in 
phosphate buffer (pH 7.4) before opening the 
thorax. Postfixation with 1 % osmium tetrox- 
ide in phosphate buffer (pH 7.4). Contrasted 
en bloc for 12 h with 0.5 % uranyl acetate in 
70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). 
Plate 47/07 
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Fig. 124. Alveolar macrophage from a female rat (breeder: 
Winkelmann, Borchen-Kirchborchen) which inhaled mi- 
cronized poly-2-vinylpyridine-l-oxide 15 min per day, 5 
times per week from July 25, 1967 to January 15, 1968. Fixed 
on January 15, 1968 under methitural anaesthesia by intra- 
tracheal instillation of 2.5 % glutaraldehyde in phosphate 
buffer (pH 7.4) before opening the thorax. Postfixation with 
1 % osmium tetroxide in phosphate buffer (pH 7.4). Con- 
trasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % eth- 
anol. Embedded in a 2:8 mixture of methyl and butyl me- 
thacrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 40/08 



of guinea pig peritoneal macrophages were pre- 
treated it was as active against the pathogenic ef- 
fects of Dorentrup quartz as the atactic polymer, 
but when the quartz was pre-treated it gave little 
protection. The syndiotactic polymer has a planar 
zigzag conformation. When the cell cultures were 
pre-treated, no protection was given to the cells 
against silica: when the quartz was pre-treated, the 
protection was comparable with that given by the 
atactic polymer previously used. 

Natta et al. (1966) found that polymers inhibit- 
ing of the lysis of macrophages that had engulfed 
silica particles belong to two chemical classes char- 
acterised by the presence in the monomeric unit 
either of the N— >0 function or the N-methylene or 
N-ethylene groups. Their activity decreased and 
vanished when molecular weight decreased. 

Poly-N-(4-morpholino) ethyl acrylamide, poly- 
N-ethyl-N-p-(4-morpholino) ethyl acrylamide, and 
poly-N-isopropyl-N-(j-(4-morpholino) ethyl acryl- 
amide, though showing a good protection in vitro 
were completely inactive in protecting Swiss mice 




Fig. 125. Microtubules (arrowheads) and microfilaments (ar- 
rows) in an alveolar macrophage from a female rat (No. 1 ; 
breeder: Winkelmann, Borchen-Kirchborchen) which in- 
haled micronized poly-2-vinylpyridine-l-oxide for 15 min 
per day, 5 times per week from July 25, 1967 to January 15, 
1968. Fixed on January 15, 1968 under methitural anaesthesia 
by intratracheal injection of 2.5% glutaraldehyde in phos- 
phate buffer (pH 7.4) before opening the thorax. Postfixation 
with 1 % osmium tetroxide in phosphate buffer (pH 7.4). 
Contrasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % 
ethanol. Embedded in a 2 : 8 mixture of methyl and butyl me- 
thacrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 47/05 

from hepatic silicosis after intravenous injection of 
5 mg tridymite dust (Chiappino et al. 1967). 

Nash et al. (1966) synthesised another com- 
pound, polyvinylpyridinioacetic acid, which has 
even greater hydrogen bonding capacity than poly- 
2-vinylpyridine- 1 -oxide and very efficiently pro- 
tects macrophages from silica toxicity. This protec- 
tion was confirmed by Sakabe and Koshi (1967), 
who also showed that it prevents the increase in 
acid phosphatase in macrophages following expo- 
sure to silica. Holt et al. (1970) reported that some 
poly-2-vinylpyridinium salts prevented quartz toxi- 
city in cultures. Thus the presence of hydrogen 
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accepting groups (either N-oxides of pyridinium 
groups) is frequently associated with protection. A 
difference between the protective effect of syndio- 
tactic and isotactic polyvinylpyridine N- oxide poly- 
mers differ only in the spatial arrangement of the 
structural units. 



9.5.18 

Coumarins 

Coumarins used in postischaemic cardiomyopathy, 
have a reputation as anticoagulant, antimutagenic, 
tumoristatic (Von Angerer et al. 1994, Weber et 
al. 1998), antimetastatic, antiinflammatory (Cha- 
turvedi et al. 1974), immunostimulatory (Ber- 
karda et al. 1983), anticonvulsant and hypotensive 
agents. They are able to scavenge (quench) reactive 
oxygen species, stimulate respiration ionophoretic- 
ally, inhibit 5- and 12-lipoxygenases and inhibit 
xanthine oxidase and phenylalanine hydroxylase. 




Fig. 126. Macrophage polykaryon with many microvilli, nu- 
merous cisternae of the endoplasmatic reticulum, polysomes, 
mitochondria, bundles of filaments and lipid droplets. 
Marbagelan®-induced (7 days) resorption granuloma (block 
171) of a male Sprague-Dawley rat (No. 10) treated for 14 days 
with intragastric application of 15 mg carbocromene per kg 
body weight x day. Perfused under pentobarbital anaesthesia 
(30 mg/kg) from the abdominal aorta with 2.5 % glutaralde- 
hyde in 0.1 M sodium cacodylate buffer (pH 7.4). Postfixation 
with 1 % osmium tetroxide in cacodylate buffer. Embedded in 
Epon 812 and sectioned at 50 nm. Lead citrate and uranyl 
acetate. Plate 2846. Detail from Fig. 155 



9.5.18.1 

Carbocromene 

In Marbagelan®-induced resorption granulomas, 
carbocromene enhanced the formation of polyca- 
ria, but prevented the translocation of nuclei to 
form typical Langhans cells (Schiller 1982). 



9.5.18.2 

Cloricromene 

Cloricromene or 8-monochloro-3/3-diethylamino- 
ethyl-4-methyl-7-ethoxycarbonyl-methoxy-couma- 
rine (Aporti et al. 1978) inhibited the induction of 
the inducible isoform of nitric oxide synthase in 
murine J774 macrophages (Zingarelli et al. 1993). 



9.5.19 

Benzhydryl Piperazines 

Analogues containing the benzhydryl piperazine 
structure are mainly N-dealkylated (King et al. 
1965, Kuntzman et al. 1965, Narrod et al. 1965, 
King and Howell (1966). A striking sex difference 
was observed for the in vitro metabolism of flunari- 
zine in rat. In male rats, oxidative N - dealkylation at 
one of the piperazine nitrogens, resulting in bis(4- 
fluorophenyl) methanol, was a major metabolic 
pathway, whereas aromatic hydroxylation at the 
phenyl of the cinnamyl moiety, resulting in 
hydroxyl- flunarizine, was a major metabolic path- 
way in female rats (Lavrijsen et al. 1992). 

Epoxidation by the introduction of an oxygen 
atom into flunarizine produced l-[bis(4-fluoro- 
phenyl)methyl] - 4 - [(3-phenyloxiran - 2 - yl)methyl] 
piperazine (metabolite 2) and epoxide hydration to 
a diol, 3-[4-[bis(4-fluorophenyl)methyl]-l-piper- 
azinyl]-l -phenyl- 1, 2-propanediol (metabolite 10). 
Lavrijsen et al. (1992) found metabolites formed 
by epoxidation at the double bond (metabolite 2) 
and epoxide hydration (metabolite 10) in incubates 
with subcellular hepatocyte fractions of male and 
female rats. Metabolites formed by epoxidation and 
epoxide hydration were not detected in vivo 
(Meuldermans et al. 1983), probably because the 
resulting metabolites were metabolised in vivo, 
much more quickly than in vitro, into secondary 
metabolites. A diol metabolite, however, was de- 
scribed for the metabolism of l-butyl-4-cinnamyl- 
piperazine in guinea pigs (Morishita et al. 1978). 
With supernatant fractions a rapid disappearance 
of the epoxide intermediate from incubate was 
observed. This seems to indicate that, for the epox- 
ide hydrolysis, besides microsomal epoxide hydro- 
lase, cytosolic epoxide hydrolase might also be in- 
volved. 
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Cinnarizine, l-(diphenylmethyl)-4-(3-phenyl-2- 
propenyl)-piperazine is a selective calcium entry 
blocker, and is extensively used in the treatment of 
cerebral and peripheral insufficiency (Godfraind 
et al. 1982, Singh 1986). Its oxidative metabolism to 
l-(diphenylmethyl)piperazine (M-l), l-(diphenyl- 
methyl)-4-[3-(4’-hydroxyphenyl)-2-propenyl]-piper- 
azine (M-2), benzophenone (M-3) and l-[4’-hydro- 
xyphenyl)-phenylmethyl] - 4 -(3-phenyl-2-propenyl) 
piperazine (M-4) in rat liver microsomes required 
NADPH, and was inhibited by carbon monoxide 
and SKF 525-A, typical inhibitors of P 450 (Kariya et 
al. 1992). Only M-2 formation was suppressed by 
sparteine or metoprolol, and was significantly lower 
in female Dark Agouti rats than in Wistar rats of 
both sexes. 

Cinnarizine was found to inhibit spontaneous 
lipid peroxidation in rat liver homogenates, copper- 
induced lipid peroxidation in human plasma and 
copper-induced and hydrogen peroxide-induced 
lipid peroxidation in human erythrocytes (Fer- 
nandes et al. 1991). 

Cyclicine, cyproheptadine and some other struc- 
turally related antihistaminics, when administered 
to rats, provoked a marked degranulation of the 
pancreatic beta cells together with a dramatic dila- 
tation of the rough endoplasmic reticulum (Hru- 
ban et al. 1972, Longnecker et al. 1972, Fischer 
et al. 1973, 1975). In fed, fasting and adrenalectom- 
ized rats cyproheptadine (10-40 mg/kg) caused a 
hyperglycaemia and a fall in plasma insulin (Poser 
et al. 1975). 



9.5.19.1 

yV-Benzhydryl-A/'-p-hydroxybenzylpiperazine 






OH 



N-Benzhydryl-N'-p-hydroxybenzyl-piperazine 

Biotransformation of N-Benzhydryl-N'-p- 
hydroxybenzylpiperazine [172] 



9.5.20 

Lazaroids 

The lazaroids, or 21-aminosteroids, are potent in- 
hibitors of iron-dependent lipid peroxidation. U- 
83836E is a derivative of vitamin E which contains a 
trolox ring and the aminosteroid portion of the la- 
zaroids. U-83836E protected a rat macrophage cell 
line (NR8383) against a dose-dependent lipid per- 
oxidation (13.8 ± 2.4-423.7 ±76 pM malondialde- 
hyde/10 6 cells) induced by an exposure to 0.5-5 mM 
H 2 0 2 for 1 h (Alessandrini et al. 1996). U-83836E 
pre-treatment reduced both lactate dehydrogenase 
activity (46.58±13.5 U/l versus 124.91 ±13.5 U/l) 
and proinflammatory cytokine mRNA induction 
(Alessandrini et al. 1997). 



Fig. 127. Alveolar macrophage (block BNh 
3406) of a male Wistar rat (No. 2569) 90 min 
after a single intraperitoneal injection of 5 
mg N-benzhydryl-AT -p-hydroxybenzyl- 
piperazine HC1 (UCB F 241) per kg body 
weight. Under pentobarbital anaesthesia (30 
mg/kg), the animal was perfused from the 
abdominal aorta with 2.5 % glutaraldehyde 
in 0.1 M sodium cacodylate buffer (pH 7.4). 
Postfixation with 1 % osmium tetroxide in 
sodium cacodylate buffer. Embedded in 
Epon and sectioned at 50 nm. Lead citrate 
and uranyl acetate. Plate 2397 
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9.5.21 

Biphosphonates 

The effect of biphosponates on macrophages might 
explain the acute phase response occurring in some 
patients who received an amino-biposphonate in- 
travenously for the first time showing a transient 
pyrexia of 1-2°C, sometimes more, accompanied 
by flu-like symptoms (Adami et al. 1987). The py- 
rexia has been shown to be accompanied by an in- 
crease in circulating IL-6 and TNF-a (Schweitzer 
et al. 1995, Sauty et al. 1996). 

9.5.22 

Ginkgo biloba Extract 

Oxidative burst triggered in murine J774-macro- 
phages by zymosan was significantly ( P < 0.05) at- 
tenuated when the cells were preincubated for 1 h 
with > 50 pg Ginkgo biloba extract/ml (Rong et al. 
1996). 

9.6 

Toxicology 

9.6.1 

Physical Hazards 

After a single thoracic x-irradiation of 1,800 r, 
Gross and Balis (1978) divided the murine alveo- 
lar macrophages lavaged 2, 4, and 8 weeks later, re- 
spectively, into two populations: the larger cell po- 
pulation consisted of cells that were either on the 
alveolar surface at the time of irradiation, or still in 
the interstitium but at a postmitotic radioresistant 
stage. As this population aged (4 weeks) the cell size 
increased. It was finally replaced by a small cell po- 
pulation which was absent 2 weeks after irradiation 
and appeared in the alveolar lumina in the follow- 
ing two weeks. Small cells reappeared in small 
numbers at 4 weeks. By 8 weeks they had increased 
in size and number, and had replaced the older 
large celled population. 

9.6.2 

Chemical Agents 
9.6.2. 1 

Inorganic Agents 

Intracellular dissolution of a large variety of inhaled 
inorganic particles not readily soluble in the pul- 
monary epithelial lining fluid constitutes an impor- 
tant long-term clearance mechanism of the lungs. 
Fluorescence microscope photometry and dual la- 
ser flow cytometry of intraphagolysosomal pH in 



canine and rat alveolar macrophages were com- 
pared using fluoresceinisothiocyanate labelled, 
amorphous silica particles (Nyberg et al. 1989, 
Heilmann et al. 1992). The higher intraphagolyso- 
somal pH in rat alveolar macrophages correlated 
with the smaller intracellular particle dissolution 
rate in Wistar rat alveolar macrophages when com- 
pared with the data in Beagle dogs (Kreyling et al. 
1992). 

9. 6.2. 1.1 
Aluminium 

Aluminium has the atomic number 13 and the val- 
ence electrons are those on the 3s 2 3p' shell. Alumi- 
nium has a fixed oxidation number of +3 and there- 
for cannot participate in the redox reactions that 
lead to radical formation. However, aluminium salts 
accelerate peroxidation of membrane lipids stimul- 
ated by iron salts (Gutteridge et al. 1985). 

The soluble hexahydrates species of aluminium 
[Al (H 2 0) 6 ] 3+ , as those of iron [Fe(H 2 0) 6 ] 3+ , and zinc 
[Zn(H 2 0) 6 ] 2+ , according to the law of mass action, is 
balanced with the pentahydrate, [Al (0H)(H 2 0) 5 ] 2+ 
+ H + . 

Aluminium is complexed by two carboxylates 
and the alkoxy group of citrate, leaving a free car- 
boxylate (Gregor and Powell 1986). The avail- 
ability of a free carboxylate may be of importance 
to the ability of Al citrate to cross membranes. 

Aluminium can bind to phosphates and other 
oxygen donating ligands and form stable com- 
plexes. By doing so, Al may disrupt the enzyme ac- 
tivity in the mitochondria and thus effect the elec- 
tron transport chain. This may lead to an increase 
in reactive oxygen species formation which in turn 
can lead to oxidative injury (Halliwell 1992). Mi- 
tochondrial respiratory activity in rat glioma (C-6) 
cells grown in RPMI medium with 10% foetal bo- 
vine serum was found to be significantly higher in 
aluminium (500 pM)-treated cells (Campbell et al. 
1999). At 500 pM, the oxidant effects of Al were ma- 
ximal (Bondy and Kirstein 1996). 

Aluminium salts stimulated luminol- enhanced 
chemiluminescence production by human neutro- 
phils (Stankovic and Mitrovic 1991). Kong et al. 
(1992) described an Al(III) complex with 0 2 "“ which 
was a stronger oxidant than 0 2 ‘“ itself and which 
may contribute to the adverse biological effects of 
Al(III). Aluminium can enhance hydroxyl radical 
production by iron, but it is not in itself capable of 
catalysing the generation of hydroxyl radical from 
the Fenton or Haber- Weiss reactions (Gutteridge 
et al. 1985). Aluminium facilitation of iron- 
mediated lipid peroxidation is dependent on sub- 
strate, pH (greater at pH 5.5 than 7.4), and alumi- 
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nium and iron concentrations (Xie and Yokel 
1996). In male rhesus monkeys, 25 mg Al 3+ /kg body 
weight every alternate day for 52 weeks resulted in 
a significant (P <0.001) enhancement in the levels 
of lipid peroxidation in hippocampus (82 %), cereb- 
ral cortex (55 %), and corpus striatum (32 %) (Sa- 
rin et al. 1997). Regional alterations in calcium ho- 
meostasis might enhance the production of free 
radicals as a cause of augmented lipid peroxidation. 

Aluminium and iron may share important biolo- 
gical pathways (Cannata et al. 1984, 1991, Can- 
nata and Diaz Lopez 1991). Both are transported 
by transferrin (Trapp 1983, Martin 1986). Human 
serum transferrin released Al 3+ when the pH varied 
from pH 7.4 (Fatemi et al. 1991). The ubiquitous 
iron-storage protein, ferritin formed complexes 
with aluminium in the livers and brains of rats fed 
A1C1 3 for 1 year (Fleming and Joshi 1987). Ferritin 
isolated from the brains of patients who died of 
Alzheimer’s disease contained more aluminium and 
more iron than that from age-matched controls. In 
neuroblastoma cells, aluminium enhanced iron up- 
take and expression of neurofibrillary tangle pro- 
tein (Abreo et al. 1999). 

The iron-binding agent, 54 inducing a negative 
iron balance (Breithaupt et al. 1986) also chelated 
Al 3+ . It relieved the inhibitory action of aluminium 
on parathyroid cells and osteoblasts (Rapoport et 
al. 1987). However, Cournot-Witmer and Pla- 
chot (1990) showed that in the parathyroid glands 
of aluminium-intoxicated patients the presence of 
aluminium deposits neither induced cellular dam- 
age or chief cell necrosis nor interfered with the 
production of parathyroid hormone. In normal 



rats, Fe and Al after systemic administration chel- 
ated as ferroxamine and aluminoxamine, respec- 
tively (Allain et al. 1988). 

l,2-Dimethyl-3-hydroxypyrid-4-one (deferip- 
rone, LI) has been demonstrated to be a clinical ef- 
fective iron and aluminium chelator, generally safe, 
and less expensive than desferrioxamine, being to 
date the most promising alternative to desferrioxa- 
mine for longer use in humans (Al-Refaie et al. 
1995, Kontoghiorghes 1995, Olivieri et al. 
1998). However, in some cases the long therapy 
with LI has also been associated with complications 
such as neutropenia, agranulocytosis, hepatic fibro- 
sis, arthralgias, and gastrointestinal disturbances 
(Domingo 1996, Olivieri et al. 1998, Tondury et 
al. 1998). In addition to the potential adverse ef- 
fects, LI has also a lower therapeutic ratio than des- 
ferrioxamine. Oral administration of LI was the 
most effective treatment in enhancing urinary Al 
excretion in both young (21 days old) and old (18 
months) Al-loaded rats (Gomez et al. 1999). Con- 
current administration of desferrioxamine and LI 
had no advantages over the use of either single 
agent, while l-(p-methylbenzyl)-2-ethyl-3-hydroxy- 
pyrid-4-one was not effective in mobilising Al from 
Al-loaded rats. 

Aluminium preferentially binds within the nuc- 
lear compartment (DeBoni et al. 1974, Crapper et 
al. 1978, Wen and Wisniewski 1985, Wedry- 
chowski et al. 1986), particularly to heterochroma- 
tin (Crapper et al. 1980) and DNA phosphates and 
bases (Karlik et al. 1980). 

Preincubation of DNA and RNA from mouse and 
rat lung and liver with A1C1 3 markedly inhibited the 



Table 30. Effects of aluminium on enzyme activities 



Enzyme 


EC 


Authors 


NAD + -dependent isocitrate dehydrogenase 


1.1.1.41 


Yoshino et al. (1992) 


NADP + -dependent isocitrate dehydrogenase 


1.1.1.42 


Yoshino et al. (1992) 


Glucose-6-phosphate dehydrogenase 


1.1.1.49 


Cho and Joshi (1989) 


Cytochrome c oxidase 


1.9.3. 1 


Engelbrecht and Jordan (1972) 


Dihydropteridine reductase 


1.14.16 


Altmann et al. (1987) 


Ferroxidase 


1.16.3.1 


Huber and Frieden (1970) 


Choline acetyltransferase 


2.3. 1.6 


Yates et al. (1980), Hofstetter et al. (1987), 
Bilkei-Gorzo (1994), Cherroret et al. (1994) 


Hexokinase 


2.7.1 


Harrison et al. (1972), Womack and Colowick 
(1979), Trapp (1980), Cho and Joshi (1988) 


Acetylcholinesterase 


3.1. 1.7 


Marquis and Lerrick (1882), Marquis (1983) 


Acid phosphatase (potato) 


3. 1.3.2 


Helferich and Schmitz (1953) 


Ca 2+ -calmodulin-dependent phosphodiesterase 


3.1.4 


Richardt et al. (1985) 


Phospholipase C 


3. 1.4.3 


Shi et al. (1993) 


Amylase 


3.2.1. 1 


McGeachin et al. (1962) 


a-Chymotrypsin 


3.4.21.1 


Clauberg and Joshi (1993) 


Calpains I and II 


3.4.22.17 


Zhang and Johnson (1992) 


ATPase 


3. 6.1.3 


Missiaen et al. (1989), Hypponen et al. (1993) 


Na + -K + -ATPase 


3.6.1.3 


Lai et al. (1980) 


Mg 2+ -ATPase 


3.6.1.3 


Lai et al. (1980), Hypponen et al.(1993) 


Glutamate decarboxylase 


4.1.1.15 


Hofstetter et al. (1987) 


6-Aminolaevulinic acid dehydratase 


4.2.1.2.24 


Meredith et al. (1974), Zaman et al. (1993) 
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binding of 4-hydroxyaminoquinoline 1 -oxide to ei- 
ther nucleic acid (Yamane and Ohtawa 1978). Al 
exists in a variety of species in aqueous solution, 
depending upon the degree of hydroxylation 
(Jager and Jager 1941, Jager 1949). This com- 
plexity affects aluminium binding to DNA, which is 
pH-depending and produces a shift from phosphate 
to base binding with decreasing pH (Karlik et al. 
1980). 

Human Pathology 

An open lung biopsy from a 44-year-old male em- 
ployed for the previous 6 years as an aluminium rail 
grinder working in an extremely dusty environ- 
ment without wearing a protective mask showed 
numerous areas where the alveolar spaces were fil- 
led with granular, hypocellular eosinophilic mate- 
rial, which was strongly and uniformly periodic- 
acid-Schiff-positive material, diastase resistant, and 
metachromatic with toluidine blue (Miller et al. 




Fig. 128. Aluminium particle in an alveolar macrophage from 
a 296 g female white rat (No. 3; breeder: Winkelmann 
Borchen-Kirchborchen) which inhaled 10 mg powdered alu- 
minium/m 3 4 h per day, 5 days per week from August 16 to 
October 27, 1967 for a total of 51 days. Fixed on October 30, 
1967 under methitural anaesthesia by intratracheal instilla- 
tion of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) be- 
fore opening the thorax. Postfixation with 1 % osmium tet- 
roxide in phosphate buffer (pH 7.4). Contrasted en bloc for 12 
h with 0.5 % uranyl acetate in 70 % ethanol. Embedded in a 
2 : 8 mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 19/09 



1984). The electron microscopic findings were typ- 
ical for alveolar proteinosis. Only rare alveolar mac- 
rophages were found, and their cytoplasm was dis- 
tended with granules similar to those free in alveo- 
lar spaces. The cytoplasmic borders of the mac- 
rophages were abnormally smooth and rounded 
and only occasional primary lysosomes were pres- 
ent. 

Experimental Pathology 

Inhalation experiments in rats demonstrated an ea- 
ger phagocytosis of aluminium dust by alveolar 
macrophages and their elimination via the bronchi 
(Schiller 1957). Although there is no disintegra- 
tion of the alveolar macrophages produced by alu- 
minium, characteristic phagolysosomal changes at 
the electron microscope level were described by 
Schiller (1970, 1971). Rats inhaling aluminium 
dust up to 750 h accumulated the particulate matter 
in interstitial macrophages (Schiller 1959). After 




Fig. 129. Membrane blisters on an alveolar macrophage from 
a female rat (No. 4; breeder: Winkelmann, Borchen- 
Kirchborchen) which inhaled 10 mg powdered aluminium/m 3 
4 h per day, 5 days per week from August 16 to October 27, 
1967 for a total of 51 days. Fixed on January 15, 1968 under 
methitural anaesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc for 12 h with 0.5 % 
uranyl acetate in 70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Plate 45/05 
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Fig. 130. Alveolar macrophage of a female rat (No. 4; breeder 
Winkelmann, Borchen-Kirchborchen) which inhaled 10 mg 
powdered aluminium/m 3 4 h per day, 5 days per week from 
August 16 to October 27, 1967 for a total of 51 days. Fixed on 
January 15, 1968 under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5% uranyl acetate in 70% ethanol. Em- 
bedded in a 2:8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
38/10 



Fig. 131. Alveolar macrophage with myelin-figure inclusions 
and complex phagolysosomes from a 296 g female rat (No. 3; 
breeder Winkelmann, Borchen-Kirchborchen) which inhaled 
10 mg powdered aluminium/m 3 4 h per day, 5 days per week 
from August 16 to October 27, 1967 for a total of 51 days. 
Fixed on October 30, 1967 under methitural anaesthesia by 
intratracheal instillation of 2.5 % glutaraldehyde in phosphate 
buffer (pH 7.4) before opening the thorax. Postfixation with 
1 % osmium tetroxide in phosphate buffer (pH 7.4). Con- 
trasted en bloc for 12 h with 0.5 % uranyl acetate in 70 % eth- 
anol. Embedded in a 2 : 8 mixture of methyl and butyl me- 
thacrylate. Sectioned at 50 nm. Lead citrate after Reynolds 
(1963). Plate 19/07 



an inhalation of >28 months Kahlau (1955) found 
a diffuse thickening of the rabbit's alveolar walls 
characterised by deposits of a substance stained in- 
tensively red with acid fuchsin. 

10 mg powdered aluminium/m 3 (for particle size 
see Table 8) inhaled by female rats over a period of 
10 weeks and a half (4 h per day for a total of 51 
days) was phagocytosed by alveolar macrophages 
and became included within phagosomes (Fig. 
128). Secondary lysosomes contain electron dense 
reaction products of Al 3+ with cellular constituents. 
They are unchanged for several months, but their 
membranes will be disrupted finally. The number 
of free ribosomes is increased and so is the activity 
of the Golgi apparatus. Microtubules are well pre- 
served, but there are also some macrotubules (Fig. 
133). Microfilaments are preferably seen in the 
ruffled border. Some nuclei show elliptical vacuoles 
or fibrillary degeneration (Fig. 134). 



9. 6.2. 1.2 
Americium 

Americium has the atomic number 95 and the val- 
ence electrons are on the 5 f shell. Half life of 241 Am 
is 462 years. 

At concentrations of <0.125 pCi 241 Am0 2 /ml 
(4.63 kBq/ml), Beagle dog alveolar macrophages ob- 
tained by bronchoalveolar lavage did not suffer sig- 
nificant changes of their viability and their ability 
to phagocytose opsoninized sheep erythrocytes 
(Taya and Mewhinney 1987). Cell killing started 
at 0.5 pCi 241 Am/ml (18.5 kBq/ml), whereas the re- 
duction of phagocytic ability started at 0.125 pCi 
241 Am/ml at 20 h after exposure. After 72 h, 10% of 
the 241 Am0 2 particles (physical diameter 0.1 to 1 
pm) were dissolved in vitro. 
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Fig. 132. Complex phagolysosomes and myelin figures in an 
alveolar macrophage of a female rat (No. 4; breeder Winkel- 
mann, Borchen-Kirchborchen) which inhaled 10 mg pow- 
dered aluminium/m 3 4 h per day, 5 days per week from Au- 
gust 16 to October 27, 1967 for a total of 51 days. Fixed on 
January 15, 1968 under methitural anaesthesia by intratra- 
cheal instillation of 2.5 % glutaraldehyde in phosphate buffer 
(pH 7.4) before opening the thorax. Postfixation with 1 % os- 
mium tetroxide in phosphate buffer (pH 7.4). Contrasted en 
bloc for 12 h with 0.5 % uranyl acetate in 70 % ethanol. Em- 
bedded in a 2 : 8 mixture of methyl and butyl methacrylate. 
Sectioned at 50 nm. Lead citrate after Reynolds (1963). Plate 
43/10 



9.6.2.1.3 

Antimony 

Antimony has the atomic number 51 and the val- 
ence electrons are on the 5s 2 5p 4 shells. Its oxidation 
states are -3, +3 and +5. 

Inhalation of 1200 mg Sb 2 0 3 dust/m 3 (average 
particle size 1 . 1 pm) in rats and 900 mg Sb 2 0 3 dust/ 
m 3 in hamsters, respectively, was associated with a 
significant increase in the mean macrophage count; 
whereas the inhalation of Fe 2 0 3 or of Si0 2 dusts did 
not result in a such significant increase in either 
species (Gross et al. 1969). 

Zymosan-stimulated alveolar macrophages isol- 
ated from rabbits treated with Freund’s adjuvant in 
vitro released less 0 2 ‘" when challenged with 200 
pg/10 6 cells of a waste incinerator dust sonicated 
five times for 15 min (Gulyas et al. 1990). Decrease 
correlated best with logarithms of antimony, lead 
and arsenic contents and with logarithms of parti- 
cle numbers and dust surfaces. 




Fig. 133. Macrotubule in an alveolar macrophage from a 
296 g female rat (No. 3; breeder Winkelmann, Borchen- 
Kirchborchen) which inhaled 10 mg powdered aluminium/m 3 
4 h per day, 5 days per week from August 16 to October 27, 
1967 for a total of 51 days. Fixed on October 30, 1967 under 
methitural anaesthesia by intratracheal instillation of 2.5 % 
glutaraldehyde in phosphate buffer (pH 7.4) before opening 
the thorax. Postfixation with 1 % osmium tetroxide in phos- 
phate buffer (pH 7.4). Contrasted en bloc for 12 h with 0.5 % 
uranyl acetate in 70 % ethanol. Embedded in a 2 : 8 mixture of 
methyl and butyl methacrylate. Sectioned at 50 nm. Lead cit- 
rate after Reynolds (1963). Plate 18/07 



9. 6.2. 1.4 
Arsenic 

Arsenic has the atomic number 33 and the valence 
electrons are on the 4 p 3 shell. Its oxidation states 
are -3, +3 and +5. 

Pulmonary alveolar macrophages lavaged from 
As(V)-exposed male Sprague-Dawley rats showed 
significant increases in 0 2 ’~ production and in basal 
release of TNF-a, while As(III) did not induce sig- 
nificant alterations (Lantz et al. 1995). Neither ar- 
senical inhibited prostaglandin E 2 production. 

9. 6.2. 1.5 
Beryllium 

Beryllium has the atomic number 4 and the valence 
electrons are those of the 2 s 2 shell. +2 is its only oxi- 
dation state. Beryllium tends to form polynuclear 
complexes. 




294 Chapter 9 Alveolar Macrophages 




Fig. 134. Fibrillary nuclear degeneration in an alveolar mac- 
rophage of a female rat (No. 4; breeder Winkelmann, 
Borchen-Kirchborchen) which inhaled 10 mg powdered alu- 
minium/m 3 4 h per day, 5 days per week from August 16 to 
October 27, 1967 for a total of 51 days. Fixed on January 15, 
1968 under methitural anaesthesia by intratracheal instilla- 
tion of 2.5 % glutaraldehyde in phosphate buffer (pH 7.4) be- 
fore opening the thorax. Postfixation with 1 % osmium tet- 
roxide in phosphate buffer (pH 7.4). Contrasted en bloc for 12 
h with 0.5 % uranyl acetate in 70 % ethanol. Embedded in a 
2 : 8 mixture of methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). Plate 45/09 



Table 31. Effects of beryllium on enzyme activities 



Enzyme 


EC 


Authors 


Tryptophan pyrrolase 


1.13.11.11 


Witschi and 
Marchand (1971) 


Glutamic-oxalacetic 

aminotransferase 


2.6.1. 1 


Vacher et al. (1975) 


Glutamic-pyruvate 

aminotransferase 


2.6. 1.2 


Vacher et al. (1975) 


Alkaline phosphatase 


3. 1.3.1 


Klemperer et al. 
(1949) 


(3-Glucuronidase 


3.2.1.31 


Vacher et al. (1975) 



Beryllium has been shown to induce an en- 
hanced pathological and antibody response similar 
to Freund’s adjuvant (Salvaggio et al. 1965). 



Beryllium Metal 

In the guinea pig, intratracheal instillation of 75 mg 
beryllium metal after 3 months induced focal lym- 
phocytic and large mononuclear cell reaction im- 
mediately about visible deposits of the substance 
(Vorwald 1950). 

Beryllium Oxide 

In Macaca irus monkeys exposed to beryllium 
oxide (3.30 to 4.38 mg Be/m 3 ) three times, for 30 
min each, at monthly intervals Conradi et al. 
(1971) after 2 years found histiocytes in the pul- 
monary interstitial space containing heterogeneous 
dark granular material and lipid droplets within 
membrane-bounded space. 

After intratracheal instillation of beryllium oxide 
to guinea-pigs, Policard (1950) found hypertro- 
phied histiocytes, sometimes 30 to 40 pm in diame- 
ter with voluminous nuclei (20-25 pm), irregular 
wrinkled, abundant chromatin and several large 
nucleoli. 

Beryllium Hydroxide 

In the guinea pig, intratracheal instillation of 150 
mg beryllium hydroxide after 4 months induced fo- 
cal lymphocytic and large mononuclear cell reac- 
tion with proliferation of local tissue cells and mild 
fibrosis (Vorwald 1950). 

Beryllium Sulphate 

Beryllium sulphate (84.3 mg BeS0 4 • 4 H 2 0/m 3 ) in- 
halation in rats induced rather marked pulmonary 
oedema accompanied by a moderate infiltration of 
neutrophils and monocytes (Sprague et al. 1950). 

H36.12j clonally derived, C57BL/6N- mouse hy- 
brid precursor macrophages were found useful to 
evaluate the mechanisms by which Be stimulates 
macrophage cytokine production, and by which T 
cell derived IFN-y amplifies TNF-a production in 
granulomatous disease (Sawyer et al. 2000). The 
response was maximal at 100 pM BeS0 4 and did not 
occur when 12j cells were stimulated with either 
aluminium sulphate of cobalt sulphate. Beryllium 
stimulated the production of 725 ±25 pg/ml TNF-a 
protein by 12j cells as measured by ELISA of culture 
supernatants after 24 h. As measured by RT-PCR, 
Be-stimulated 12j cell TNF-a protein production 
was accompanied by an increased intracellular 
TNF-a mRNA at 3 and 24 h. The addition of 10 U or 
100 U of recombinant-Mu-IFN-y to Be-stimulated 
12j cells further increased TNF-a production 1.5-4 
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fold (1.6 ± 0.1 ng/ml) respectively. Bacterial lipopo- 
lysaccharide (LPS, 1 ug/ml) stimulated production 
of TNF-a in 12j culture supernatants after 6 h 
(515 ± 151 pg/ml). 

Recombinant-Mu-IFN-y (10 U) + beryllium (100 
pM BeS0 4 ) -stimulated H36.12j macrophages pro- 
duced 1195 ±225 pg TNF-a/ml, while H36.12j cells 
stimulated with rMu-IFN-y by itself produced only 
284 ±31 pg TNF-a/ml (Hamada et al. 2000). 

Beryllium Stearate 

12 Months after intratracheal instillation of 150 mg 
beryllium stearate, the alveolar spaces of the guinea 
pig contained scattered dust laden macrophages in 
various stages of degeneration (Vorwald 1950). 

Zinc Beryllium Manganese Silicate 

In the guinea pig, zinc beryllium manganese silicate 
inhalation (8 h/d) for 40 months induced mild lym- 
phocytic and large mononuclear cell reaction indic- 
ative of slight irritation about dust particles (Vor- 
wald 1950). 



9.6.2.1.6 

Cadmium 

Cadmium has the atomic number 48 and the val- 
ence electrons are those of the 4d 10 5s 2 shells. +2 is 
its only oxidation state. The co-ordination number 
in its complexes is 4. 



Table 32. Effects of cadmium on enzyme activities 



Enzyme 


EC 


Authors 


Lactate dehydrogenase 


1.1.1.27 


Hart (1986) 


Catalase 


1.11.1.6 


Zikic et al. (1998) 


Glutathione peroxidase 


1.11.1.9 


Zikic et al. (1998) 


Lysine oxidase 


1.13.12.2 


Chichester et al. 
(1981) 


Proline hydroxylase 


1.14.11.2 


Chichester et al. 
(1981) 


Superoxide dismutase 


1.15.1.1 


Zikic et al. (1998) 


Alkaline phosphatase 


3. 1.3.1 


Hart (1986) 


Acid phosphatase 


3. 1.3.2 


Hart (1986) 


Na + -K + -ATPase 


3.6.1.3 


Lai et al. (1980) 


Mg 2+ -ATPase 


3.6.1.3 


Lai et al. (1980), 
Hypponen et al. 
(1993) 



Cadmium Oxide 

In specific-pathogen-free male Wistar rats, focal 
areas of epithelial hyperplasia, a mononuclear in- 
terstitial infiltrate, and increased numbers of alveo- 
lar macrophages were observed after a single 3-h 
exposure to an aerosol of insoluble CdO (Buckley 
and Bassett 1987). 

In male Sprague-Dawley rats instilled intratra- 
cheally with 5 mg CdO suspended in 0.5 ml saline 
one week before, Murthy et al. (1982) noted two 
types of alveolar macrophages. The first showed a 
significant increase in size when compared to those 
seen in control animals. The cytoplasm of these 
cells was filled with numerous small vacuoles which 
contained bizarre-shaped electron-dense aggrega- 
tions. Some vacuoles seemed to coalesce with 
others which resulted in larger vacuoles. The mito- 
chondria were smaller in size and fewer in number 
when compared with controls. Some mitochondria 
were phagocytized in membrane-bound autopha- 
gosomes. A distinct nucleolus was lacking and 
chromatin material seemed to be fragmented and 
scattered. The second type of alveolar macrophages 
was smaller in size and their nucleus contained a 
prominent nucleolus. The cytoplasm contained 
fewer vacuoles, more profiles of rough endoplasmic 
reticulum, and mitochondria which were larger 
than those seen in the first type. 

In alveolar macrophages from male Sprague- 
Dawley rats intratracheally intubuated with a sus- 
pension (0.5 ml) of 0.1 mg CdO plus 0.2 mg CuO 
particles, Murthy and Holovack (1991) found 
large aggregates of multivesicular bodies. 

Cadmium Sulphide 

In conventionally kept Wistar rats into which 15 mg 
cadmium sulphide (Merck, Darmstadt) had been 
injected intratracheally six times at weekly inter- 
vals, Kissler (1983) observed pulmonary fibrosis 
of varying intensity from 7}/i weeks after the last 
administration. Many alveolar septa were thickened 
by connective tissue. They did not show any inflam- 
matory infiltrates. They were coated with continu- 
ous rows of isoprismatic type II pneumocytes with 
foamy cytoplasm. Numerous alveolar macrophages 
with foamy cytoplasm were seen from the beginn- 
ing; the majority of them had phagocytosed CdS 
particles well recognised by their bright yellow col- 
our. Abundant fine-granular but otherwise unstruc- 
tured eosinophilic material was found in varying 
amounts between the phagocytes. Acid phospha- 
tase reaction is intensified in intraalveolar mac- 
rophages only (Kissler and Scherbeck 1981, 
Kissler 1983). 
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Cadmium Telluride 

Cadmium telluride (CdTe) particles (mean diame- 
ter 1.70 [tm) suspended in sterile, phosphate- 
buffered saline, pH 7.2, and instilled intratracheally 
into specific pathogen-free female Sprague-Dawley 
rats at doses of 12 mg, 24 mg, 48 mg, or 96 mg/kg 
body weight after 3 days had induced an intaalveo- 
lar inflammatory exudate consisting of neutrophils, 
macrophages, fibrin, and protein (Morgan et al. 
1995). A minimal amount of black cadmium tellu- 
ride particles was present. 

Cd 2+ 

Goat alveolar macrophages gained by bronchoalve- 
olar lavage of the isolated lung and exposed to 
> 0.04 mM CdCl 2 for 20 h showed strongly reduced 
viability ( P <0.01). The lactate dehydrogenase ac- 
tivity of the supernatant culture medium was el- 
evated ( P <0.01). Phagocytic potential had de- 
creased ( P <0.01). In cultures exposed to 0.20 mM 
CdCl 2 macrophages had withdrawn their pseudopo- 
dia, as seen by the scanning electron microscope 
(Waseem et al. 1993). 

In Long-Evans rats, cadmium ions depressed the 
oxidative burst of alveolar macrophages during 
phagocytosis of zymosan (Castranova et al. 
1980): 10“ 3 M Cd 2+ given in vitro for 15 min signifi- 
cantly inhibited oxygen consumption (by 76 ± 1 %), 
glucose metabolism (by 83 ± 7%), and release of 
active oxygen species (by 73 ± 1 %). This cadmium- 
induced inhibition of oxidative processes of mac- 
rophages was postulated to diminish their antibac- 
terial activity. 

The oxidative metabolism of NMRI mouse peri- 
toneal macrophages induced by phorbol myristate 
acetate was enhanced by CdCl 2 , the zymosan- 
induced oxidative metabolism was markedly re- 



duced as measured by means of the lucigenin- 
enhanced chemiluminescence in a Berthold Biolu- 
mat 9500 up to 120 min (Hilbertz et al. 1986). 

After a single incubation of mouse resident peri- 
toneal macrophages for 18 h in medium containing 
10 pM Cd 2+ , a five-fold increase in 'NO production, 
with respect to incubation in medium alone, was 
observed (Ramirez and Gimenez 2000). After 18 h 
of culture, NO inductor agents induced significant 
expression of inducible nitric oxide synthase 
(iNOS) and "NO production in peritoneal macroph- 
ages. When cells were simultaneously incubated for 
18 h in medium containing 10 pM Cd 2+ and NO in- 
ductor agents, an increase in response to lipopoly- 
saccharide (1 pg/ml), okadaic acid (50 nM) and 12- 
O-tetradecanoylphorbol-13-acetate (200 nM), and a 
decrease in the synergistic effect of lipopolysaccha- 
ride/okadaic acid, in relation to culture in medium 
without Cd 2+ were observed. 

9. 6.2. 1.7 
Carbon 

While the surface of diamonds from volcanic chim- 
neys is hydrophobic, that from secondary deposits 
is hydrophilic due to the formation of oxides 
(Boehm et al. 1964). Powdered diamonds with oxi- 
des on their surface show a higher wetting heat 
than those without. Treating diamonds oxidised on 
their surface with water forms carboxyl groups. Es- 
timation of active hydrogen after Zerewitinoff or 
by deuterium exchange revealed that nearly all hy- 
drogen atoms were carboxylic (Sappok and 
Boehm, quoted from Boehm 1966). Diamonds 
cleared of oxides at 10" 5 to 10 -6 torr in vacuo at 
800 °C do not show an essential resonance absorp- 
tion (11 pval free radicals/g diamond). 

In the layers of the graphite lattice the atoms are 
combined with three neighbours by o-bindings 



Fig. 135. Alveolar macrophages having 
engulfed powdered diamond. 3-Day old cul- 
ture of a 3-day old mouse. The preparation 
was fixed in Carnoy’s fluid, stained with iron 
hematoxylum after Weigert, and mounted in 
toto in Rhenohistol®. Eye-piece Leitz Peri- 
plan 4x; objective Leitz Pv FI oil 70/1.15. 
Positive phase contrast (from Schiller 
1954) 
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Fig. 136. Alveolar macrophages having 
engulfed powdered diamond. 4-Day old cul- 
ture of a 3-day old mouse. The preparation 
was fixed in Carnoy’s fluid, stained with iron 
hematoxylum after Weigert, and mounted in 
toto in Rhenohistol®. Eye-piece Leitz Peri- 
plan 4x; objective Leitz Pv FI oil 70/1.15. 
Positive phase contrast (from Schiller 
1954) 




(sp 2 -hybridisation). The fourth valence electrons 
are bound as re-electrons which can easily change 
from one atom in the layer to another. The layers 
are held together by Van der Waals’ forces (distance 
0.335 nm). 

Twenty and 30 s following intravenous injection, 
Burke and Simon (1970) localised carbon predo- 
minantly in tiny clumps in the sinuses of the marginal 
zone and the red pulp of the rabbit's spleen. At this 
stage some carbon was already being phagocytosed 
by macrophages arising from the Billroth cords. 

In vitro , human alveolar macrophages collected 
by bronchoalveolar lavage and loaded with small 
masses (0.03-3 pg/10 6 cells) of ultrafine particle ag- 
gregates induced a dose-related impairment of both 
the attachment and the ingestion processes of 
fluorescein-labelled silica particles (3 pm) with a 
marked impairment down to a carbon particle dose 
around 0,2 pg/10 6 cells (Lundborg et al. 2001). In- 
cubation with interferon-y (12.5 U/ml) also induced 
significant impairments in both the attachment and 
the ingestion processes. Loading with carbon fur- 
ther aggravated the effects of interferon-y. In con- 
trast to earlier studies in rat alveolar macrophages 
(Lundborg et al. 1999), interferon-y did not impair 
the oxidative metabolism (nitroblue tetrazolium re- 
duction) at rest in these human alveolar macroph- 
ages; instead the oxidative metabolism was in- 
creased. This difference was due to a difference be- 
tween rat and human alveolar macrophages and not 
between rat and human interferon-y. 

Unlike the characteristic progressive nature of 
silica-related lesions, all of respirable-sized carbon 
fibre-induced inflammatory effects were reversible 
within 10 days after exposure and any significant 
histopathologic effects were observed at any time 
post-exposure (Warheit et al. 1994). 



9.6.2.1.8 

Cerium 

Cerium has the atomic number 58 and the valence 
electrons are those of the 4/ 2 6s 2 shells. The oxida- 
tion states of Ce are +3 and +4. 

Cerium forms complexes with riboflavin (Sek- 
hon and Chopra 1974). Cerium chloride (2 mg/kg 
rat intravenously) impaired the activities of cytoch- 
rome P-450 and NADPH-cytochrome c reductase of 
rat liver, which could be prevented by a-tocopherol 
acetate (100 mg/kg x day i.p.) pre-treatment (Ar- 
vela 1974). Ce 3+ promoted the binding of creatine 
kinase to Cibacron blue F 3 GA, the substrate ana- 
logue of the enzyme, even in the absence of Mg 2+ , 
its native cofactor (Shivakumar et al. 1989). 

In a lung biopsy of a female aged 31 years, who 
had polished spectacle lenses with cerium oxide for 
three years, Sinico et al. (1982) found multiple 
macrophagic granulomas containing dust particles 
identified by analytical electron microscopy as ce- 
rium oxide. 



Table 33. Effects of cerium on enzyme activities 



Enzyme 


EC 


Author(s) 


Glucose-6-phosphate 

dehydrogenase 


1.1.1.49 


Arvela (1974) 


NADPH-cytochrome c 
reductase 


1.6.99.3 


Arvela (1974) 


Creatine kinase 


2.7.3.3 


Shivakumar et al. 
(1989). 
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9. 6.2. 1.9 
Chromium 

Chromium has the atomic number 24 and the val- 
ence electrons are those on the 3d 5 4s 1 shells. The 
oxidation states of chromium include +2, +3 and 
+6. 

[Cr0 4 p + 4 H 2 0 + 3 e- — - Cr(OH) 3 (s) + 5 OH- [175] 



2 [Cr0 4 ] 2 + H 3 0+ — ► [Cr 2 0 7 ] 2 - + 3 H 2 0 [176] 

Cr(VI) + 3 V(VI) — ► Cr(lll) + 3 V(V) [177] 

Cr(VI) + V(IV) — ► Cr(V) + V(V) [178] 

Cr(V) + NADH — Cr(lll) + NAD [179] 



Cr VI is formed from Cr m and from metallic Cr by 
oxidation, primarily by ozone. In gas shielded arc 
welding, ozone itself is formed by the interaction of 
oxygen and ultra-violet radiation emitted from the 
arc. 

Hydrogen peroxide or superoxide form a para- 
magnetic complex in the reaction with chro- 
mium(VI) oxide in an alkaline water solution at 
room temperature (Lagercrantz 1999). The com- 
plex [Cr(0H) 5 0 2 ] 5 “ with the g-value equal to 1.9734 
is believed to contain hydroxyl groups derived from 
the alkaline solution and dioxygen derived from 
H 2 0 2 or 0 2 -. 

Cr 111 supplementation prevented the increase in 
TNF-a levels and oxidative stress caused by high 
levels of glucose (30 mM) in cultured U937 mono- 
cytic cells (Jain and Kannan 2001). Similarly, 
chromium supplementation prevented elevated 
TNF-a secretion and lipid peroxidation levels in 
H 2 0 2 -treated U937 cells. 

Alveolar macrophages from both guinea pig and 
man tolerated Cr(VI) salts up to 4.97 ug/ml (Rats- 
chek et al. 1988). An increase in the number of 
macrophages in the bronchoalveolar lavage fluid 
was seen in rats inhaling Na 2 Cr 2 0 7 for 22 h per day 
on 30 or 90 consecutive days (Glaser et al. 1990). 

Chromite 

Chromium ore (chromite, FeO • Cr 2 0 3 ) has gener- 
ally been absolved of playing in causal role in 
chromium-induced malignancies as chromite mi- 
ners allegedly were free from lung cancers and be- 
cause chromium ore was thought to be harmless on 
account of its insolubility in the body (Koelsch 
1938). A similar type of reasoning was advanced in 
placing the responsibility on zinc chromate as the 
cause of lung cancer among chrome pigment wor- 
kers because it is more soluble than barium or lead 
chromate (Gross and Koelsch 1943). Mancuso 
and Hueper (1951) added powdered chromium ore 
to citrated human blood for 16 h at room tempera- 



ture and found 0.000 and 0.001 mg Cr/ml plasma, 
respectively, or 0.10 and 0.12 mg Cr/ml washed 
cells, respectively. In genotoxic studies Cr(III) was 
absolutely inactive unless a direct interaction with 
purifies DNA was permitted by the test conditions 
(Bianchi et al. 1983). 

Macrophages outgrowing from mouse lung ex- 
plants eagerly engulfed chromite dust particles (2 
pm) without suffering any damage detectable by 
phase contrast microscopy (Worth and Schiller 
1955). In the rabbit, inhaled Cr 3+ reduced the capa- 
city of alveolar macrophages to catabolize surfact- 
ant (Johansson et al. 1992). 

9.6.2.1.10 
Coal Dust 

Coal is characterised by a non-uniform molecular 
structure within which aromatic structural units 
can be distinguished. They are composed of one to 
five condensed or directly joined aromatic rings 
substituted by heterocyles and aliphatic (mainly 
methyl) groups. Nitrogen is involved in pyridine 
and pyrrole rings and a part of sulphur in thio- 
phene rings. C- and O-alkylation may occur by the 
reductive alkylation reactions of coal. Lazarov et 
al. (1984) presented a structural model which fits 
the values of the structural parameters obtained by 
'H and 13 C NMR spectroscpy of alkylated coal. 

H 2 0 2 was formed when H 2 S0 4 was adsorbed on 
charcoal in the presence of freshly adsorbed 0 2 , the 
yield increasing with the concentration of H 2 S0 4 
(Burshtein and Frumkin 1941). The quantity of 
H 2 0 2 reached a maximum in about 10 min, and 
then decreased because of the catalytic decom- 
pensation on charcoal. The yield was very low when 
inert gases instead of 0 2 were bubbled through the 
solution. The formation of H 2 0 2 stopped then the 
adsorption of the acid was complete. At a polarized 
cathode in the presence of freshly adsorbed 0 2 , the 
yield of H 2 0 2 as the concentration increased from 
6.5 x 10“ 5 to 130 x 10“ 5 A per 0.1 g of charcoal with 
further increase of the concentration, the yield de- 
creased. The yield was little dependent on the com- 
position of the solution. 

C x 0 2 + 2 H+ + 2 X- — *- C x 2+ (X ) 2 + H 2 0 2 [180] 

Phagocytosis by mouse macrophages of dust partic- 
les from a coal miner’s lung (Fig. 53) is not only a 
local reaction between the particle and the cell 
membrane, but a reaction in which both size and 
shape of the macrophage is changed (Figs. 137, 
138). 

Coals have an appreciable concentration of free 
radicals in their native form, presumably formed in 
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Fig. 137. Peritoneal macrophages from a SPF-NMRI mouse 
cultured in a Leighton tube after Chang (1964) 4 h after ad- 
dition of dust particles from a coal miner’s lung (No. 17 of 
Einbrodt 1965, aged 38 years, underground for 15 years), di- 
gested by formamide. Fixed with 1 % glutaraldehyde in 0.07 
M phosphate buffer (pH 7.4). Ethanol, amyl acetate. Critical 
point drying. Gold coating. Cambridge Stereoscan Mark 2 A 
operated at 20 kV, negative 78- 168/1. x 600 (from Schiller 
1982) 




Fig. 138. Peritoneal macrophages from a SPF-NMRI mouse 
cultured in a Leighton tube after Chang (1964) 4 h after ad- 
dition of dust particles from a coal miner’s lung (No. 17 of 
Einbrodt 1965, aged 38 years, underground for 15 years), di- 
gested by formamide. Fixed with 1 % glutaraldehyde in 0.07 
M phosphate buffer (pH 7.4). Ethanol, amyl acetate. Critical 
point drying. Gold coating. Cambridge Stereoscan Mark 2 A 
operated at 20 kV, negative 78-166/15. x2, 400 (from Schil- 
ler 1982) 



the “coalification” process. In addition, during 
crushing of coking coal paramagnetic centres are 
formed and their concentration increases with the 
milling time (Lebedev et al. 1978). These centres 
are free radicals produced by breaking chemical 
bonds with an unpaired electron on the primary 
and secondary carbon atoms. 

The nature and concentration of free radicals 
present in a given coal are determined by rank, 
thermal history, and particle size (Petrakis and 
Grandy 1978). 

All the coal mine dust samples from Utah Blind 
Canyon and Western Virginia Pittsburgh seam exa- 
mined by Dalal et al. (1995) generated varying le- 
vels of HO" radicals from H 2 0 2 in the presence of a 
HO’ spin trap 5,5-dimethyl- 1-pyrroline-N-oxide. 
HO’ radical generation by the coal from H 2 0 2 was 
effectively inhibited by deferoxamine and catalase, 
but only partly inhibited by superoxide dismutase. 
Metal chelators DETAPAC and EDTA enhanced the 
radical generation. The HO’-generating potential of 
all coal dusts showed a positive correlation with the 
surface iron content of coal mine dust. 

Instillation of 500 mg generic anthracite dust 
No. 867 (3.6 % silica; 7 pm maximum diameter) and 
generic bituminous dust No. 1361 (0.7% silica; 7 
pm maximum diameter), respectively, suspended in 
50 ml PBS into the right caudal lung lobe of 3 fe- 
male pigtail macaque monkeys ( Macaca nemest- 
rina) each using a flexible fibreoptic bronchoscope 
increased the numbers of macrophages in the dust 
exposed lobes and significantly elevated the N- 
a c e t y 1 - (i - d - g hi c o s a m i n i d a s e activity within the 
bronchoalveolar lavages taken at 2-weeks intervals 
for 12 weeks thereafter (Mack et al. 1995). 

In the hamster, a single intratracheal instillation 
of 4 mg bituminous coal dust increased both alveo- 
lar macrophages and neutrophils in broncho- 
alveolar lavage fluid (Kleinerman and Ip 1990). 
The elastolytic activity of the culture fluid in which 
the macrophages were sustained was increased. The 
total concentration of the anti-proteases in the alve- 
olar fluid, both op protease inhibitor and a 2 mac- 
roglobulin were not significantly different from 
control values. Multiple coal dust instillations per- 
formed at 5-7 day intervals over 4-5 weeks showed 
an increase of neutrophils and macrophages in the 
broncho-alveolar lavage fluid obtained 3 and 90 
days after the last instillation as compared with 
controls. The total elastolytic activity of the leuco- 
cytes was greater at day 3 than at day 90. However, 
the a! protease inhibitor and a 2 macroglobulin con- 
centrations in the alveolar fluid were also increased 
as compared to controls at both 3 and 90 days fol- 
lowing the last dust instillation. The data indicate a 
simultaneous increase in the elastolytic burden and 
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Table 34. Petrologic components (macerals) in coal and their 
groupings 



Maceral groupings 


Macerals or components 


Vitrinite 


telinite 

collinite 


Exinite 


resinite 

cerinite 

sporinite (exinite) 
cutinite 
suberinite 
alginite 


Inertinite 


massive micrinite 
granular micrinite 
sclerotinite 
semifusinite 
fusinite 



in the protease inhibitor activity of the alveolar 
fluid. Emphysema was not present by histologic 
study suggesting that no significant imbalance be- 
tween proteolytic and anti-proteolytic forces oc- 
curred as a result of the coal dust treatments. 

Fenton’s method of very fine grinding of the 
coals, followed by fractionation in liquids of differ- 
ing specific gravity, resulted in exinite fractions 
rich in sporinite. Bent and Brown (1961) noted 
that an absorption band at about 1,700 cm" 1 , attri- 
buted to a carbonyl group, and an increase in non- 
aromatic C-H absorption, were the only significant 
differences between the spectra of lower rank spori- 
nites and the dominant maceral of normal coals, 
vitrinite. The occurrence of margins and larger 
areas of higher reflectance than the main mass of 
resinite globules has frequently been observed on 
polished surfaces of coal examined under oil im- 
mersion in incident light (Murchison 1963). These 
more highly reflecting regions have been attributed 
by Stach (1962) to the effects of oxidation on the 
resin before it was finally incorporated in the peat 
in a reducing environment. 

In dusts isolated by Einbrodt from the fibrotic 
lungs of coal miners Schulz et al. (1995) found a 
positive correlation of the amount of inertinite to 
the stage of fibrosis. 

Fusinite, a coal component discernible from 
semifusinite and other opaque ingredients by its 
strong reflecting power in reflected light was used 
as a electron paramagnetic resonance (EPR) oxygen 
probe. It is highly inert in biological systems (Va- 
hidi et al. 1994, Santini et al. 1998). This stability 
is very important since fusinite particles are ran- 
domly internalised in the cytoplasm and may re- 
main there for long periods of time (Petrakis and 
Grandy 1978). From the physical point of view, fu- 
sinite has an exchange-narrowed EPR spectrum 
which can be broadened by interaction with oxygen 
principally through the adsorption of molecules of 



this gas to the fusinite surface. The feasibility of us- 
ing this EPR probe in measuring the intracellular 
molecular oxygen concentration in cultured cells 
has been demonstrated by Vahidi et al. (1994) and 
Santini et al. (1995, 1996). 

The question of the biological importance of 
substances leached from coals of different rank 
(gasflame coal to anthracite) was first put forward 
by Thaer (1952, 1953, 1955). Sorenson et al. 
(1974) analysed the concentrations of Cd, Cu, Fe, 
Ni, Pb and Zn in bituminous coals from mines with 
differing incidences of coal workers’ pneumoconio- 
sis. Rosmanith et al. (1977) thought that Cd, Pb 
and other trace elements might be engaged in the 
fibrogenicity of mineral coal. Kober et al. (1976) 
found that humic substances leached from Pennsyl- 
vania and Utah coals with high and low pathogeni- 
cities, respectively, differed in the quantities of ma- 
terial removed and in their metal-binding and ga- 
lactose oxidase (EC 1.1. 3. 9) inhibiting activities. 

Polycyclic aromatic hydrocarbons contained in 
coal dust were not eluted by pig lung homogenates 
or human gastric juices, nor were they capable of 
crossing the skin barrier in vitro (FoA et al. 1998). 

In U937 cells and human macrophages aryl hy- 
drocarbon receptor, with its partner cofactor aryl 
hydrocarbon receptor nuclear translocator, was ex- 
pressed and CYP1A1 mRNA expression was in- 
duced in the presence of aryl hydrocarbon receptor 
ligand 3-methylcholanthrene (Komura et al. 2001). 

Coal workers’ pneumoconiosis is associated with 
increased basal and PMA-stimulated 0 2 ’" formation 
in their alveolar macrophages in comparison to 
control subjects (Wallaert et al. 1990). In 96 coke 
oven workers Nadif et al. (1997) found erythrocyte 
catalase activity significantly higher and erythro- 
cyte glutathione peroxidase activity significantly 
lower than in 105 randomly recruited non-exposed 
workers from a power plant. 

Differences in the cytotoxicity (triphenyltetrazo- 
lium chloride method) of coal dusts to guinea-pig 
macrophages depend on coal rank expressed as the 
percentage of volatile matter (Reisner and Ro- 
bock 1977). The Horst strata, with a mineral con- 
tent of nearly 50 % (by weight), caused a 35 % de- 



Table 35. Classification of coal by rank 





Volatile matter [%] 


Strata 


Flame coal 


>40 


Dorsten 


Gasflame coal 


40-35 


Horst 


Gas coals 


35-28 


Essen 


Bituminous coals 


28-19 


Bochum 


Steam coals 


19-12 


Witten 


Semi-anthracites 


12-10 


Sprockhovel 


Anthracites 


<10 
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pression of the biological activity (TTC-RA = 65 %). 
Similar depressions were caused by upper Essen 
strata dusts with 33 % mineral; by lower Essen and 
Bochum strata dusts (mineral = 20 %) and by Wit- 
ten strata dusts (mineral = 15 %). 

As measured by electron spin resonance spectros- 
copy, a freshly ground anthracite coal (95 % carbon) 
produced greater concentration of free radicals than a 
bituminous coal (72 % carbon), and the radical reac- 
tivity was also greater for the anthracite (Dalal et al. 
1 989) . The reactivity of the newly produced radicals in 
the anthracite dust correlated with the dust’s toxicity. 
Furthermore, similar coal-based free radicals were 
detected in the lung tissue of autopsied coal miners, 
suggestive of persistent reactivity by the embedded 
coal dust leading to the progressive disease process. 

In the rat, long-term clearance of low rank coal 
dust (Lea Hall, Staffordshire) tended to be greater 
than that of high rank (Ffeldau, South Wales), al- 
though a peculiar macrophage reaction to low rank 
dust may have affected its removal from the lung 
(Heppleston et al. 1971). 

The particulate matter in the lungs of rats ex- 
posed to aerosols (6.6 ±1.9 mg/m 3 and 14.9±6.2 
mg/m 3 ) of high-potential coal workers’ pneumoco- 
niosis bituminous coal dust from a mine in Appala- 
chia for up to 20 months was contained almost en- 
tirely within the cytoplasm of alveolar macrophages 
so burdened with the material that cellular detail 
was obscured (Busch et al. 1981). 

Interferon induction by influenza virus in mon- 
key kidney (LLC-MK 2 ) cell monolayers pre-treated 
with coal dust was inhibited in relation to coal rank 
(Hahon 1983). Maximal inhibition of viral interfe- 
ron induction was noted with high rank coal and 
the degression of this activity was related to coal’s 
position in the carboniferous series: anthracite, bi- 
tuminous, subbituminous, lignite, and peat. Ad- 
sorption of poly(4-vinylpyridine-N-oxide) to bitu- 
minous coal dust from the Pittsburgh seam, Camb- 
ria County, Pa., not only occurred at a more rapid 
rate than to cell monolayers, but also less polymer 
was required to pretreat coal dust than cell mono- 
layers to achieve comparable amelioration of inter- 
feron production (Hahon 1976). 

The exact consequences of the cellular mecha- 
nisms that occur in the lungs of subjects chronically 
exposed to coal dust are still much of a puzzle 
(Schins and Borm 1999). 

9.6.2.1.11 

Cobalt 

Cobalt has the atomic number 27 and the valence 
electrons are those of the 3d 7 4s 2 shells. The oxida- 
tion states of cobalt are +2 and +3. 



Most complex compounds of cobalt are of oxida- 
tion state +3 and six-co-ordinate, or of oxidation 
state +2 and four- or six-co-ordinate. Five-co- 
ordinate complexes are the anions [Co(CN) 5 ] 3 ' and 
[Co(CN) 5 ] 2 “, and the oxygen-carrying Schiff’s base 
compounds described by Earnshaw et al. (1963). 
The readiness of cobalt to form five-co-ordinate 
compounds can be related to the tendency of the 
metal to achieve (cobalt (I), 3d 8 ) or approach (co- 
balt (II), 3d 7 ) the effective atomic number of the 
next inert gas (Nyholm 1961). The correlation be- 
tween the co-ordination number, stereochemistry, 
spectra, and magnetism of bivalent cobalt com- 
plexes has been widely investigated. The crystal- 
field stabilisation energy of the d y 4 d e 3 " configuration 
is favourable for a tetrahedral arrangement and in 
many compounds of the type MX 2 (Hal) 2 where X 
can be, for example, pyridine (Gill and Nyholm 
1961). In general, the ligands of high electro- 
negativity, such as water, favour a co-ordination 
number of six, whereas those which are more easily 
polarised, such as the halide ions, give rise to four- 
co-ordinate tetrahedral complexes. 

As models for natural oxygen carriers, many co- 
balt(II) complexes coordinated with nitrogen-bases 
have been shown to reversibly interact with mole- 
cular oxygen to form Co0 2 or Co 2 0 2 complexes de- 
pending upon the nature of the ligands. 

Hearon (1947) showed that a co-ordination 
complex formed between histidine and cobaltous 
ion possesses the ability to combine reversibly with 
molecular oxygen. In contrast with this, histidine 
complexes with other transition metals tested (Cu 2+ , 
Cu + , Ni 2+ , Fe 2+ , Mn 2+ ) failed to exhibit the property 
of combining reversibly with oxygen gas. The Co 2+ - 
histidine complex does not readily, if ever, become 
oxidised to Co 3+ from the presence of 0 2 (Hearon 
1948). Cobalt complexes of various histidine deriva- 
tives: histamine, 1-methyl histidine, 3-benzyl histi- 
dine, dibenzyl histidine, and the peptides anserine, 
carnosine, L-alanyl-L-histidine, and a-L-aspartyl- 
D-histidine combined with Co 2+ and the resulting 
complex was capable of carrying oxygen reversibly, 
although in certain cases (most notably carnosine) 
the irreversible reaction sets in exceedingly rapidly 
even at room temperature (Hearon et al. 1949). 

Co(Salen) catalyses the oxygenation of 3-sub- 
stituted indoles and flavonols via a proton transfer 
process, representing a model for tryptophan 2,3- 
dioxygenase (EC 1.13.11.11) or indoleamine 2,3- 
dioxygenase (heme enzyme) and quercetinase (EC 
1.13.11.24; Cu enzyme). The 3-substituted indoles 
give formylkynurenine-type products (Nishinaga 
1975, Nishinaga et al. 1981). 

Phosphate buffer solutions of carnosine and an- 
serine produced active oxygen species as measured 
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by bleaching of N,N-dimethyl-4-nitrosoaniline 
(Hartman and Hartman 1992). The formation of 
active oxygen species appeared to depend predo- 
minantly on the presence of metal ions contaminat- 
ing the phosphate buffer since prior Chelex treat- 
ment of buffer substantially reduced bleaching ac- 
tivity. Activity was restored by addition of micro - 
molecular levels of Cu(I), Cu(II) and to a lesser ex- 
tent, by Co(II) but not by addition of ferrous or fer- 
ric ions. Catalase eliminated most activity but su- 
peroxide dismutase had little effect. 

One-electron transfer catalysed by cobalt 

0 2 + Co 2+ -«-► Co 3+ - oy — *- OS" + Co 3+ [145] 

oy + Co 2+ + 2 H+ — *- H 2 0 2 + Co 3+ [146] 

H 2 0 2 + Co 2+ — »- HO' + HCh + Co 3+ [147] 

Cobalt(II) reacts with H 2 0 2 , to produce HO", 'Oj, 
and metal-oxygen complexes, which cause site- 
specific DNA damage (Yamamoto et al. 1989, Ka- 
wanishi et al. 1994). 

Though essential in forming cobalamin (vitamin 
B 12 ), cobalt is an industrial poison taken up from 
the catalyst in the Fischer- Tropsch synthesis (Fi- 
scher and Pichler 1936) of benzene and in the 
sintered carbide metal industry (Schiller 1958, 
1961, Bech et al. 1962, Kuhne 1962, 1965, Coates 
and Watson 1971, Hartung et al. 1982, Hiller- 
dal and Hartung 1983, Figueroa et al. 1992, Li- 
son 1996). When both cobalt and tungsten carbide 
particles are associated, electrons provided by co- 
balt metal are easily transferred to the surface of the 
carbide particles where reduction of oxygen can oc- 
cur at a rate greatly increased (Lison et al. 1995). 
Further, cobalt compounds are used as dryers in 
paints (e.g. cobalt linoleates), and as pigments in 
glass and pottering industries. 

Co 2 is effective in stimulating cyclic GMP de- 
pendent protein kinase from a variety of sources, 
with optimal concentration of 0.5 mM, equivalent 
to a K m of about 0.1 mM (Kuo and Shoji 1982). The 
maximal activity stimulated by Co 2+ is about 
40%-80% of that by Mg 2+ for the mammalian 
cGMP dependent protein kinase (Kuo et al. 1976, 
Shoji et al. 1977a, b). Co 2+ stimulates mammalian 
cAMP dependent protein kinase to a greater extent 
than does Mg 2+ (Kuo et al. 1970). 5 mM Co 2+ almost 
completely inhibits the activity of bovine lung 
cGMP stimulated protein kinase stimulated by 10 
mM Mg 2+ (Gill et al. 1977). 

Alveolar macrophages of rabbits exposed for 4 
months (5 days/week, 6 h/day) to 0.6 ±0.5 mg/m 3 
Co 2+ as CoCl 2 , had significantly more laminated, 
surfactant-like inclusion, compared with the con- 
trols (Johansson et al. 1992). 



The carbonyls of cobalt, like other metal carbo- 
nyls [see Ni(CO) 4 ], are the most toxic cobalt com- 
pounds. Co 2 (CO) 8 , Co 4 (CO)i 2 and Co 6 (CO) 16 are sol- 
id substances which are prepared from cobalt and 
carbon monoxide using elevated temperature and 
pressure. 

Inhalation of cobalt hydrocarbonyl, HOCo(CO) 4 , 
for 30 min established a LD 50 of 165 mg Co/m 3 (Pal- 
mes et al. 1959). 

Cobalt-Nickel Alloy 

The toxicity of cobalt and cobalt-nickel alloys in 
experimental hard metal pneumoconiosis is well 
documented. Metallic cobalt powder instilled in- 
tratracheally in the lungs of rats had an acute irrit- 
ant action and lead to severe alterations in capillar- 
ies (Harding 1950, Schiller 1958, 1961). The sol- 
ubility of cobalt in plasma is some 500 times greater 
than in saline, but a fairly large (10 ml) intraperito- 
neal dose of plasma saturated with cobalt was with- 
out evident effects on the rat (Harding 1950). 

In rabbits exposed to soluble cobalt 0.4-2 mg/m 3 
CoCl 2 for 1-4 months, the number of alveolar mac- 
rophages was increased and some of them, close to 
the type II cell nodules, were enlarged and filled 
with laminated, surfactant like inclusions (Johans- 
son et al. 1983, 1986). In lavage fluids the number 
of macrophages and the percentage of these cells 
with smooth surface and intracellular surfactant- 
like inclusions were more increased in group Co 2+ + 
Cr 3+ than in group Co 2+ as were oxidative metabolic 
and phagocytic activities of the macrophages (Jo- 
hansson et al. 1992). 

In hard-metal workers, giant cells have been 
found in the lung lavage (Davidson et al. 1983, Ta- 
batowski et al. 1988). 

9.6.2.1.12 

Copper 

Copper has the atomic number 29 and the valence 
electrons are those on the 3d'°4s' shells. Its oxidation 
states are +1 and +2. The difference of 1 e“ in the 3 d 
shells of cuprous and cupric ions allow a participa- 
tion in radical reactions. Copper does not really fit 
the definition of a transition element since its 3 d- 
orbitals are full, but it readily forms the Cu 2+ ion by 
loss of two electrons, one from the 4s- and one from 
the 3d-orbital. This leaves an unpaired electron. 

One-electron transfer catalysed by copper 

0 2 + Cu + — ► oy + Cu 2+ [181] 

oy + Cu + + 2 H + — H 2 0 2 + Cu 2+ [182] 

H 2 0 2 + Cu + — *- HO' + HO~ + Co 2+ [183] 
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Fig. 139. Alveolar macrophage with a tubular 
invagination from a 220 g female white rat 
(No. 1 breeder: Winkelmann, Borchen- 
Kirchborchen) which inhaled 10 mg of a 
powdered cobalt-nickel alloy/m 3 , used in the 
production of hard metal by Deutsche Edels- 
tahlwerke in Krefeld, 4 h per day, 5 times per 
week from October 2-28, 1967 for a total 
of 19 days. Fixed on October 30, 1967 under 
methitural anaesthesia by intratracheal in- 
stillation of 2.5 % glutaraldehyde in phos- 
phate buffer (pH 7.4) before opening the 
thorax. Postfixation with 1 % osmium tetrox- 
ide in phosphate buffer (pH 7.4). Contrasted 
en bloc for 12 h with 0.5 % uranyl acetate in 
70% ethanol. Embedded in a 2:8 mixture of 
methyl and butyl methacrylate. Sectioned at 
50 nm. Lead citrate after Reynolds (1963). 
Plate 16/01 




As with iron, copper serves to convert superoxide 
(0 2 ’“) and hydrogen peroxide, formed during the 
metabolism of oxygen (particularly in the presence 
of redox-cycling xenobiotics; Rumyantseva and 
Weiner 1988, Mason 1990) to the highly reactive 



hydroxyl radical (equations [181] — [1 83] ), which is 
considered to be the oxidising species responsible 
for the induction of biomolecular damage. 

Copper-dependent hydroxyl radical formation 
has been demonstrated in many model systems, 



Fig. 140. Phagophore (arrow) in an alveolar macrophage 
from a 225 g female white rat (breeder: Winkelmann, 
Borchen-Kirchborchen) which inhaled 10 mg of a powdered 
cohalt-nickel alloy/m 3 , used in the production of hard metal 
by Deutsche Edelstahlwerke in Krefeld, 4 h per day, 5 times 
per week from October 2-28, 1967 for a total of 19 days. 
Fixed on October 30, 1967 under methitural anaesthesia by 
intratracheal instillation of 2.5 % glutaraldehyde in phos- 
phate buffer (pH 7.4) before opening the thorax. Postfixa- 
tion with 1 % osmium tetroxide in phosphate buffer (pH 
7.4). Contrasted en bloc for 12 h with 0.5 % uranyl acetate 
in 70% ethanol. Embedded in a 2 :8 mixture of methyl and 
butyl methacrylate. Sectioned at 50 nm. Lead citrate after 
Reynolds (1963). Plate 35/11 
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generally via the application of standard methods 
of HO' determination. Van Steveninck et al. 
(1985) have used salicylate hydroxylation in sys- 
tems containing H 2 0 2 , Cu 11 and reducing agents 
(equation [184]). However, the most direct method 
of hydroxyl radical detection is electron spin reson- 
ance (ESR) spectroscopy in conjunction with a spin 
trapping reagent (Buettner and Mason 1990, 
Mason et al. 1994). The HO* radical was detected as 
its adduct to the spin trap 5,5-dimethyl- 1-pyrroline 
N-oxide (DMPO) (equation [8]). 



COOH 




Salicylate hydroxylation by HO’ [184] 




5,5-Dimethyl-1-pyrroline-l-oxide-HO' adduct [8] 



The possible involvement of Cu(III), Fe(IV), or 
Mn(III) in the mechanism of the toxicity of 0 2 *' is 
not surprising as the redox potential of the couple 
0 2 *7H 2 0 2 at pH 7.4 is 0.94 V (Koppenol and But- 
ler 1985), which implies a strong oxidising capabil- 
ity for 0 2 '“ (Goldstein and Czapski 1990). How- 
ever, there is no direct evidence for the formation of 
a Cu m species obtainable from electron spin reson- 
ance spin trapping studies (Burkitt et al. 1995). 

Tetrakis-u-3,5-diisopropylsalicylatodiaquodicop- 
per(II) is known to disproportionate 0 2 *“ at the same 
rate as superoxide dismutase (Sorensen 1989). 

Copper bound to 1,10-phenanthroline was found 
to be a good catalyst of hydroxyl radical formation: 
the Cu 11 (l,10-phenanthroline) 2 complex can be re- 
duced by H 2 0 2 and the Cu 1 (l,10-phenanthroline) 2 
generated reacts with the peroxide to form HO'. 




1,10-Phenanthroline [137] 



The rate constant for the Fenton reaction is higher 
for copper than for iron (Halliwell and Gutte- 
RIDGE 1989). 

2,9-Dimethyl-l,10-phenanthroline (10 uM) sig- 
nificantly increased the inhibitory effects of both 
CuS0 4 and Cu(2,9-dimethyl-l,10-phenanthroline) 2 
N0 3 on NADH oxidase activity (Smit et al. 1982). 

A transition complex with triplet molecular oxygen 
may also be formed: 

Cu+ + 3 £g~0 2 — - (Cu 2+ - OD [185] 



Copper and its co-ordination compounds are 
known to produce severe cytotoxicity (Freedman 
et al. 1986, Byrnes et al. 1990). 

Tetrahedral co-ordination dominates with two 
and three co-ordination much less common. The 
co-ordination number rarely exceeds four although 
five co-ordination is known (Gagne 1976). 

In solutions of CuCl 2 and adenine copper can be 
bound to adenine. Two Cu(adenine) 2 complexes 
[Cu(C 5 H 4 N 5 ) 2 ] 2+ /Cu (C 5 H 4 N 2 ) 2 ) are in equilibrium 
with free adenine (Bruston et al. 1999). Copper- 
adenine complexes present a catalytic activity (e.g., 
H 2 0 2 disproportionation into 0 2 and water) but de- 
pending on complex concentration H 2 0 2 also 
strongly oxidises the adenine within the complexes. 
Raman spectroscopy quantifies copper-adenine 
complex formation and H 2 0 2 consumption.; pola- 
rography quantifies 0 2 production. As for C 40 cata- 
lase, optimal catalytic capacities depend on physio- 
logical conditions, such as pH and temperature. 
The comparative analysis of kinetic parameters 
shows that the affinity for H 2 0 2 of Cu(adenine) 2 is 
37-fold lower than that of C 40 catalase and that the 
molar activity for 0 2 production is 200-fold weaker 
for Cu(adenine) 2 than for the enzyme. In the 10' 6 to 
10' 3 M range, the strong decrease of activity with 
raising complex concentration is explained by ag- 
gregation or stacking, which protects Cu(adenine) 2 
entities from H 2 0 2 oxidation, but also decreases 0 2 
production. 

Glutathione and Cu 2+ form several complexes 
(Petit et al. 1975). Reduction by glutathione trig- 
gered a V,iV-bis(2-pyridylmethylene)- 1,4-butane- 
diamine (N,N’,N”,N”’)- Cu(II) diperchlorate-sup- 
ported redox cycle with oxygen yielding H 2 0 2 
(Steinkuhler et al. 1991). Whereas reduction by 
ascorbate was reversible. 

Under physiological conditions of pH, peptide 
(class A) chelates are only formed by those bidentate 
amide ligands with X being either an imidazole (sp 2 ) 
nitrogen or a terminal (sp 3 ) amino nitrogen. Mer- 
captide sulphur must also be considered to belong 
to this group of strong copper(II) binding sites. 
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The apolipoprotein B of low-density lipoprotein 
has two sulphydryl groups exposed to its surface 
and they could play a role in the reductive activa- 
tion of the transition metal ions, e.g. Cu 2+ . Once 
bound, Cu 2+ must be reductively activated by a net 
transfer of one electron: 

Cu 2+ + e~ — Cu + [186] 

The formation of hydroxyl radicals (HO’) by the reac- 
tion of the Cu(II) complex of ethylenediamine tetra- 
acetic acid (EDTA) with H 2 0 2 in the presence of biolo- 
gical reductants, such as L-ascorbic acid and l- 
cysteine, has been demonstrated by ESR spectroscopy 
using water-soluble spin-traps (Ozawa et al. 1992). 

OOCCH, CH 2 COO- 

\ / 

N— CH 2 — CH 2 — N 

oocch 2 n ch 2 coo- 

Ethylenediamine tetraacetic acid (EDTA) [187] 

Thiourea (1-10 mM) provided marked and dose- 
dependent protection against protein oxidation in 
three copper-containing systems: Cu(II)/ascorbate, 
Cu(II)/H 2 0 2 , and Cu(II)/H 2 0 2 /ascorbate [Cu(II), 0.1 
mM; ascorbate, 1 mM; H 2 0 2 ; ImM] (Zhu et al. 
2002). In contrast, only minor protection was ob- 
served with dimethyl sulphoxide and mannitol, 
even at concentrations as high as 100 mM. Strong 
protection was also observed with dimethylthiou- 
rea, but not with urea or dimethylurea. Thiourea 
also significantly inhibited copper-catalysed oxida- 
tion of ascorbate, and competed effectively with 
histidine and 1,10-phenanthroline for binding of 
cuprous, but not cupric, copper, as demonstrated by 
both UV-visible and low temperature electron spin 
resonance measurements. 

Both phospholipid-containing delipidated hu- 
man low-density lipoprotein ghosts and trilinolein- 
reconstituted low-density lipoprotein were devoid 
of antioxidants and were extremely susceptible to 
2,2’-azobis-(2-amidino propane) hydrochloride- 
induced oxidation but, paradoxically, were rather 
resistant to copper-mediated oxidation (Visioli et 
al. 2000). The dynamic reduction of Cu(II) to Cu(I) 
was quantitatively decreased in low-density lipo- 
protein ghosts and in trilinolein-reconstituted low- 
density lipoprotein, also lacking the initial rapid re- 
duction and the subsequent inhibition phases, due 
to the absence of endogenous antioxidants. Con- 
versely, the rate of copper reduction was linear and 
likely due to lipid peroxides, either already present 
of formed during copper-induced oxidation. 

Ternary copper(II) complexes constituted by a 
1,10-phenanthroline and an amino acid as ligands 
accelerated both the decomposition of peroxynitrite 



and its nitration of 4-hydroxyphenylacetic acid at 
pH > 7 (Ferrer-Sueta et al. 1997). The enhancing 
effect of Cu 2+ on the decomposition of N-ethyl-N- 
nitrosourea (Preussmann et al. 1975) can be inhi- 
bited by complex formation with ethylenediamine 
tetraacetic acid (Zeller and Ivancovic 1972). 

The formation of oxidising species from bolus 
H 2 0 2 and cupric ions was found to be profoundly 
dependent on the choice of buffer. In phosphate 
and cacodylate buffers, as well as unbuffered water, 
Sandstrom et al. (1994) found barely detectable 
amounts of methane sulphinic acid. However, in 
Hepes buffer they could detect a strong formation 
of methane sulfinic acid. The addition of 2-[(2- 
bis[carboxymethyl]amino-5-methylphenoxy)- 
methyl]-6-methoxy-8-bis[carboxymethyl]- 
aminoquinolin (quin2) inhibited 97% of the me- 
thane sulfinic acid formation. With the deoxyribose 
assay, a significant 2-thiobarbituric acid reaction 
was found in all media tested, the strongest in caco- 
dylate buffer and water, and weaker in Hepes and 
phosphate. In this assay quin2 inhibited the forma- 
tion of oxidising species by 65 % in phosphate buf- 
fer, 85 % in water and more than 95 % in both He- 
pes and cacodylate buffers. 

Cu 2+ (2-10 iiM) catalysed the conversion of xan- 
thine dehydrogenase (EC 1.1.1.204) to xanthine oxi- 
dase (EC 1.1.3.22) which was prevented by oleic 
acid, arachidonic acid, eicosapentaenoic acid and 
docosahexaenoic acid (50-200 pM) as shown in the 
perfused rabbit liver (Fujita et al. 1995). 

The contribution of Esterbauer and Ramos 
(1996) on the chemistry and pathophysiology of 
oxidation of low-density lipoprotein focuses mainly 
on in vitro oxidation of LDL by Cu 2+ . 

LDL was able to reduce Cu 2+ to Cu + in a time and 
concentration-dependent manner (Proudfoot et 
al. 1997a). Blocking of free -SH groups on LDL 
apoprotein B by preincubation with dithionitro- 
benzoic acid had no significant effect on the rate 
and extent of Cu 2+ reduction. Consumption of toco- 
pherol in LDL undergoing oxidation with Cu was 
very rapid (rate = 6 x 10" 10 M s" 1 ). When Cu + formed 
during incubation with LDL was complexed with 
neocuproine, there was significant inhibition of 
LDL oxidation, as indicated by lipid peroxide for- 
mation and mobility on agarose gel electrophoresis. 
Tocopherol consumption was even more rapid in 
the presence of neocuproine, consistent with a shift 
in Cu 2+ /Cu + equilibrium and faster reduction of 
Cu 2+ by a-tocopherol. 

LOOH + Cu 2+ — ► Cu+ + LOO' + H+ [188] 

Cu 2+ + a-TocH — — Cu + + a-Toc" + H + [189] 

a-Toc’+LH — *-a-TocH + L‘ [190] 
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When oxidising isolated LDL, there was a decrease 
in lag time with increasing concentration of Cu 2+ 
until a minimum “lag time” was reached at a 
Cu:LDL ratio of about 50:1 (Proudfoot et al. 
1997b). In serum, an initial decrease in “lag time” 
occurred with increasing Cu concentrations up to 
12.5 luVl. However, with higher Cu concentrations 
“lag time” to oxidation increased, contrary to ex- 
pectation, until a maximum was reached at about 
50 uM Cu. This dose response observed for Cu oxi- 
dation of diluted serum was highly reproducible in 
a number of individual subjects. When serum was 
gel-filtered to remove low molecular weight com- 
pounds, the resulting filtrate behaved the same as 
isolated LDL. Uric acid was found to be an impor- 
tant component of the low molecular weight frac- 
tion for the paradoxical effect of Cu concentration 
on serum oxidation. The same paradoxical effect 
was found when isolated LDL was incubated with 
uric acid in the presence of human serum albumin 
and Cu. The incubation of human serum albumin 
with reducing agents such as uric acid or bilirubin 
in the presence of high Cu concentration, produced 
a “peroxidase-like” activity, capable of breaking 
down hydrogen peroxide as well as lipid hydroper- 
oxides. 

The oxidation of low-density lipoprotein by 
mouse resident peritoneal macrophages or that in- 
itiated by Cu 2+ ions was inhibited by SB209995, a 
metabolite of carvedilol in human, with IC 50 s of 59 
nmol/1 and 1.7 pmol/1, respectively (Feuerstein 
and Yue 1994). Under the same conditions, the 
IC 50 s of carvedilol were 3.8 and 17.1 pmol/1, respec- 
tively. 

There are at least two pathways by which copper 
is transported across the cell membrane (DiDo- 
nato and Sarkar 1997). Ceruloplasmin, the most 
abundant copper-protein in plasma, can contribute 
copper to cells (Hsie and Frieden 1975, Campbell 
et al. 1981, Dameron and Harris 1987, Mas and 
Sakar 1992, Saenko et al. 1994). Studies of 
ceruloplasmin-mediated copper transport in cells 
have shown that copper derived from ceruloplas- 
min enters the cell but the protein does not (Perci- 
val and Harris 1990). Stimulation of copper up- 
take by ascorbate and the inhibition of the process 
by cuprous chelators suggest that copper takes place 
in the form of Cu(I) rather than Cu(II) (Percival 
and Harris 1989, Harris 1991). 

Ceruloplasmin is a plasma glyoprotein contain- 
ing about seven Cu atoms per molecule and ~ 95 % 
of the total plasma Cu (Ryden 1984, Fox et al. 
1995). It is a 132-kDa monomer comprised almost 
entirely of three major domains that have 35-40% 
homology to each other (Ortel et al. 1984) and to 
three homologous domains in factors Va and Villa 



(Church et al. 1984). The prooxidant site was loca- 
lised to a region containing His 426 because cerulo- 
plasmin His426 A almost completely lacked pro oxidant 
activity whereas the other mutants expressed nor- 
mal activity (Mukhopadhyay et al. 1997). 

Copper is distributed in all cellular organelles in- 
cluding the nucleus, mitochondria, lysosomes, endo- 
plasmic reticulum and cytosol (Linder 1991). Lin- 
dquist (1968) presented biochemical and electron 
microscopic evidence that CuCl 2 injected intraperi- 
toneally into rats was sequestered by liver lysosomes 
and initiated lipid peroxidation of lysosomal mem- 
branes with resulting lysosomal rupture and release 
of hydrolytic enzymes. Glutathione has been implic- 
ated as the main chelator of copper in the cytoplasm. 
In copper-loaded hepatoma cells, over 60 % of cyto- 
solic copper exists as a Cu(I)-GSH complex (Freed- 
man et al. 1989). ; H NMR of copper(II) complexes of 
adenosine (2’) (3’) (5’)-monophosphates have been 
compared with the spectra of adenosine 2’, 3’- and 
3’,5’-cyclic phosphates. A comparison of the chemi- 
cal shifts and broadening effects with varying cop- 
per(II) concentrations suggested that greater base 
stacking and no phosphate-base deshielding oc- 
curred in the cyclic nucleotides relative to the nucle- 
oside monophosphates (Berger and Eichhorn 
1971). Activation of guanylate cyclase in a post- 
mitochondrial supernatant fraction of rat lung ho- 
mogenates was found to be dependent on tempera- 
ture, Cu 2+ , and the presence of oxygen (White et al. 
1976). The activation was inhibited by thiols, bovine 
serum albumin, KCN, and sodium diethyldithiocar- 
bamate, a Cu 2+ chelator. 

Viral interferon induction was inhibited in rhe- 
sus monkey kidney (LLC-MK 2 ) cells treated with 0.1 
mg copper at 49.4 % (Hahon et al. 1980). Interferon 
yields were maximally inhibited by the smallest 
particles (1 pm). Particles of increased size (10 pm) 
were progressively ineffectual in depressing interfe- 
ron production. 

Alveolar macrophages from male Sprague- 
Dawley rats instilled intratracheally with 5 mg CuO 
suspended in 0.5 ml saline one week before showed 
significant increase in size and contained numerous 
vacuoles (Murthy et al. 1982). Their polymorphic 
nuclei with margination of the chromatin and well 
developed nucleoli were eccentrically placed. Lipid 
droplets in the cytoplasm were numerous, and of- 
ten appeared to fuse to form large vacuoles. Other 
cytoplasmic constituents included numerous 
bizarre-shaped membranous bodies, myelin fig- 
ures, and crystalloid-like inclusions. The mitochon- 
dria appeared smaller when compared with those 
of the control animals. The plasmalemma displayed 
considerable undulations and numerous cyto- 
plasmic processes. 
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Copper as a DNA-Cleaving Agent 

By the change of valences, copper salts can act as a 
Fenton reagent in the presence of hyrogen peroxide 
(von Sonntag 1987). Cu 2+ and H 2 0 2 induced 
strong cleavage of both calf thymus DNA and mam- 
malian chromatin at quite low concentrations (10' 6 
and 10“ 5 M) (Sagripanti and Kraemer 1989, Ya- 
mamoto and Kawanishi 1989) in a reaction that 
appears to involve Cu 2+ . In contrast to studies with 
iron ions, complexation of copper with either nitri- 
lotriacetate or with N,N,N’,N’ -ethylenediaminetetra- 
acetic acid inhibits the damage to DNA bases. Cu 2+ 
can bind to the DNA (Yamamoto and Kawanishi 
1989), but whether the mechanism goes via the hy- 
droxyl radical (Sagripanti and Kraemer 1989) or 
some sort of metal bound complex (Yamamoto and 
Kawanishi 1989) is uncertain. Studies directly on 
Cu + /H 2 0 2 suggested that free hydroxyl radicals are 
not formed but may remain bound to the copper 
(Johnson et al. 1985). Drouin et al. (1996) induced 
base modifications by Cu(II)/ascorbate/H 2 0 2 dis- 
tinguishing base damage from frank strand break. 
Modified base production predicted by computer si- 
mulation at an initial Cu(II) concentration of 50-70 
qM was experimentally validated. The copper ion 
binding sites on DNA were saturated at 50 pM 
bound copper ion, or when —40% of the DNA 
phosphates were occupied. The k app indicated that 
DNA base damage occurred slowly in relation to the 
rate of DNA-Cu(I) oxidation (Stoewe and Prutz 
1987). 



DNA— Cu 2+ + Asc 2 - — *~ DNA— Cu+ + Asc'- [191] 

DNA— Cu+ + H 2 0 2 — *- DNA— Cu 2+ + OH- + HO' [192] 




1,10-Phenanthroline 

[137] 




2,9-Dimethyl-1 ,1 0-phenanthroline 
(neocuproine) [193] 



little effect of Fe(II) (Mello-Filho and Meneghini 
1991). 

Copper-thiosemicarbazide complexes interact 
with both the bases and the phosphate groups of na- 
tive calf thymus DNA (Pillai et al. 1977). 

Malignancies in Copper Miners and Smelters 

In the Mansfield copper-bearing shales (Kupfers- 
chiefer) miners’ pneumoconiosis Watjen (1933) did 
not find any malignancy in 54 necropsies. In 1936, 
under additional 65 cases Watjen detected three 
primary bronchial carcinomas: two miners had se- 
vere pneumoconioses after 41 and 43 years of work 
underground, respectively, the third miner, who had 
worked underground for 43 years had a slight de- 
gree of pneumoconiosis. 

Epidermoid or squamous cell carcinoma of the 
lung has been found to be predominant among 
copper smelter workers (Newman et al. 1976, Axel- 
son et al. 1978). Of 71 consecutive occupational lung 
cancers among male Japanese copper smelter wor- 
kers Kreyberg group I (squamous, large cell, and 
small cell carcinomas) was prevalent, which could 
not be explained by age, sex, ethnicity, air pollution, 
or smoking per se (Tokudome et al. 1988). 

Copper fume is likely to provide the principal po- 
tential health hazard in the arc-air gouging process 
(Sanderson 1968). 

Copper Gallium Diselenide 
and Copper Indium Diselenide 

Copper gallium diselenide (CuGaSe 2 ) and copper in- 
dium diselenide (CuInSe 2 ) particles (mean diame- 
ters 2.47 |im and 2.55 pm, respectively) suspended 
in sterile, phosphate-buffered saline, pH 7.2, and 
instilled intratracheally into specific pathogen-free 
female Sprague-Dawley rats at doses at doses of 
12 mg, 24 mg, 48 mg, or 96 mg/kg body weight after 
3 days were found within the cytoplasma of mac- 
rophages (Morgan et al. 1995). 



9.6.2.1.13 

Gallium 



Although 1,1 0-phenanthroline and 2, 9-dimethyl - 
1,1 0-phenanthroline (neocuproine) will each chelate 
both copper and iron, the effect on the redox chem- 
istry of the two metal ions are distinct: Cu(I) chel- 
ated to 1,10-phenanthroline reacts readily with H 2 0 2 
to form HO" (Goldstein and Czapski 1986), 
whereas reaction of the Fe(II) complex is inhibited 
(Mello-Filho and Meneghini 1991). Neocup- 
roine inhibits the reaction of Cu(I) with H 2 0 2 
(Czapski and Goldstein 1986) but appears to have 



Gallium has the atomic number 31 and the valence 
electrons are those on the 4 p l shell. Its only oxida- 
tion state is +3. 

In two patients inhaling an aerosol containing 
67 Ga citrate 24 h before resection surgery Kennedy 
et al. (1985) found the nuclide only in alveolar mac- 
rophages but not in epithelial cells and interstitial 
mononuclear phagocytes. 

Pulmonary lesion of rats exposed for 4 weeks 
(2 h/d, 5 d/week) to 27 mg Ga 2 0 3 /m 3 (particle size 
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220 nm) 1 day thereafter consisted primarily of ac- 
cumulations of proteinaceous debris in the alveoli 
(alveolar proteinosis) and a slight increase in the 
number of alveolar macrophages and neutrophils in 
alveolar air spaces within or adjacent to alveolar 
ducts. In the rats sacrificed at 6 months after expo- 
sure, several large foci of alveolar macrophages 
were scattered throughout the parenchyma, but 
most often centred within centriacinal regions or 
subpleural locations. In these areas, the macroph- 
ages were large and markedly vacuolated (Wolff et 
al. 1989). 

After intratracheal instillation into rats, Ga 2 0 3 
particles were being actively phagocytized while 
nodules of macrophages and Ga 2 0 3 were found ad- 
hered to the alveolar walls (Webb et al. 1986). 

9.6.2.1.14 
Germanium 

Germanium has the atomic number 32 and the val- 
ence electrons are those on the 4 p 2 shell. Its only 
oxidation state is +4. 

Ge0 2 occurs in three modifications: one is iso- 
structural to a- quartz, the other to cristobalite 
(Bohm 1968), and the third isostructural to rutile. 
The rutile form was prepared at 5xl0 9 Pa and 
1000 °C from the hexagonal modification in a belt- 
type apparatus (Sclar et al. 1964). Klosterkot- 
ter (1956) in 3 of 55 animals found fibrohyalin no- 
dules after intraperitoneal application of hexagonal 
Ge0 2 . Phagocytes containing dust particles showed 
a honeycomb -like eosinophilic protoplasm. 

9.6.2.1.15 
Indium 

Indium has the atomic number 49 and the valence 
electrons are those of the 5s 2 5p 1 shells. The usual 
oxidation states of indium are +1 and +3. 

Indium trichloride (InCl 3 ) inhaled by female Fi- 
scher 344 rats initiated an inflammatory response 
(Blazka et al. 1994). Seven days following inhala- 
tion of 20 mg InCl 3 /m 3 for 1 h the total cell number, 
fibronectin, and TNF-a levels in the bronchoalveo- 
lar lavage fluid were 8, 40, and 5 times higher than 
the control, respectively. While the increase was due 
primarily to an influx of polymorphonuclear leuco- 
cytes, a portion could be attributed to alveolar mac- 
rophages, which increased from 10.4 to 24.0 x 10 6 . 

Indium phosphide (InP) is a II -V compound of 
semiconductor materials widely employed for op- 
toelectronic devices. Kabe et al. (1996) showed that 
InP particles were hardly soluble in the synthetic 
lung fluid in vitro and that the LDL„ of InP was 
>5,000 mg/kg, which was considered relative low 



toxicity. Uemura et al. (1997) showed phagocytosis 
of InP by macrophages in bronchoalveolar lavage 
fluid of male Fischer 344 rats. After intratracheal in- 
stillation of 0, 1.2, 6.0 and 62.0 pg InP/kg rat, re- 
spectively, Oda (1997) found a dose-related mild 
elevation of superoxide dismutase activity and lact- 
ate dehydrogenase activity in bronchoalveolar fluid 
on day 1 without increase of inflammatory cells and 
total protein in BAL, which suggested the response 
of neutrophils and alveolar macrophages to instil- 
led InP, and/or the manifestation of a very early 
stage of inflammation. 

Autoradiography of human alveolar macroph- 
ages after phagocytosis of m In-oxine showed a 
highly significant (P <0.001) concentration of 
grains over the nucleus (Davis et al. 1980). All cyto- 
plasmic structures except the lysosomes showed 
less than predicted labelling. If nuclear labelling 
was not considered, and only cytoplasmic labelling 
compared, there was a significant increase in label- 
ling of lysosomes (P <0.0001). The cell bound ac- 
tivity at 1 h was 93 % and at 24 h it was 83 %. Radio- 
labelled macrophages were similar to unlabeled 
cells by dye exclusion, adherence and phagocytosis 
both at 1 and 24 h after labelling. 

9.6.2.1.16 

Iron 

Iron has the atomic number 26 and the valence 
electrons are those of the 3d 6 4s 2 shells. The usual 
oxidation states of iron are +2 and +3, less fre- 
quently +4 and +6. 

As all the metals in the first row of the d-block in 
the Periodic Table with the sole exception of zinc, 
iron contains impaired electrons and can thus 
qualify as a radical (Halliwell and Gutteridge 
1989, p. 15), and ferrous ions can participate in elec- 
tron transfer reactions with molecular oxygen. 

In his review on potential use of iron chelators 
against oxidative damage, Galey (1997) recalled 
that although triplet dioxygen cannot directly react 
with biomolecules in the ground state, iron, as well 
as other transition metals, can relieve the spin re- 
striction of oxygen and dramatically enhances the 
rates of oxidation (Miller et al. 1990). 

Heme, an essential iron chelate, serves in re- 
spiration, oxygen transport, detoxification, and sig- 
nal transduction processes. The potential toxicity of 
heme and hemoproteins points to a critical role for 
heme degradation in cellular metabolism. The 
heme oxygenases provide this function and parti- 
cipate in cellular defence. 

The autoxidation of ferrohemoglobin to methe- 
moglobin generates 0 2 ’ - and its dismutation prod- 
uct H 2 0 2 that could react with reduced iron to form 
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HO' (Kalyanaraman et al. 1983). However, it re- 
mains unclear if such a process would be catalysed 
in vivo by the heme iron itself, or by iron released 
from heme (Cadenas 1989). Indeed, whether any 
form of free heme or hemoprotein can act as a true 
Fenton catalyst to generate HO' remains controver- 
sial (Ryter and Tyrrell 2000). 

Various biological iron chelates were assayed for 
efficiency of Fenton catalysis (percentage conver- 
sion of 0 2 '~ to HO') and ranked: 



citrate >> pyrophosphate > lactate > adenosine 
triphosphate > hematin, transferrin, hemin, haemo- 
globin. 



Polynuclear ferric citrate complex (metal-to-ligand 
molar ration 1 : 1) -preincubated mural peritoneal 
macrophages gave a positive Prussian blue reaction, 
while mononuclear iron complex (metal-to-ligand 
molar ration 1 : 10) -preincubated cells failed to do 
so (Gebran et al. 1993). 
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Fe(ll)-NO-phosphate and pyrophosphate complexes [194] 
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Fe 2+ is complexed by dihydrolipoic acid (Pagani et 
al. 1989). 
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Fe 2+ -Dihydrolipoic acid chelate [195] 

Complexation of ferric iron with D-tagatose, a cell- 
permeable zero-energy producing ketohexose, pro- 
tected against oxidative cell injury (Valeri et al. 
1997). Lethal liver cell injury induced in vitro by 
300 [xM nitrofurantoin was completely prevented by 
high concentrations (20 mM) of D-tagatose, whereas 
equimolar concentrations of glucose, mannitol, or 
xylose were ineffective (Paterna et al. 1998). 



Surface-complexed iron [Fe 3+ ] observed after 
intrapleural injection of 30 mg of either amosite, 
crocidolite, and chrysotile both genuine and satur- 
ated with Fe 3+ in Sprague -Dawley rats corresponded 
to oxidant generation, measured as barbituric acid 
reactive products of deoxyribose, and more coval- 
ently closed, circular DNA strand scission induced 
by these asbestos fibres (Ghio et al. 1994). 

Iron chelates as Fe(III) nitrilotriacetate were ge- 
notoxic in HeLa cells and V79 cells (Hartwig et al. 
1992, 1993). Ferric nitrilotriacetate promoted N- 
diethylnitrosamine-induced renal tumorigenesis in 
the rat (Athar and Iqbal 1998). In renal cell carci- 
noma induced by ferric nitrilotriacetate, glutathi- 
one S-transferase Yp isozyme was over expressed 
and Ya isozyme concomitantly down-regulated 
(Tanaka et al. 1998). 

N-(2-hydroxybenzyl)-L-serine is a tridentate iron 
chelator (Kitazawa and Iwasaki 1999) that does 
not induce hypoxia inducible factor- 1 (Creighton- 
Gutteridge and Tyrrell 2002). 

Lactobionic acid, a major constituent of a solu- 
tion used to preserve organs prior to transplanta- 
tion, can chelate ferric iron (Isaacson et al. 1989). 
Relative to iron(III) chelated to ethylenediamine 
tetraacetic acid (EDTA), the lactobionic acid-iron 
complex is less able to participate in the Fenton re- 
action as measured by formaldehyde generation 
from dimethylsulphoxide and bleaching of p-N,N- 
dimetylnitrosoaniline. 

N,lsF -bis (2-hydroxybenzyl) ethylenediamine- 
N,N’-diacetic acid (HBED) facilitated Fe(II) oxida- 
tion but blocked 0 2 *~-induced reduction of Fe(III) 
and consequently pre-empted production of HO* or 
hypervalent iron through the Haber- Weiss reaction 
cycle (Samuni et al. 2001). The efficacy of HBED as 
a 1-electron donor was demonstrated by reduction 
of the 2,2’-azino-bis(3-ethylbenzothiazoline-6-sul- 
phonate) -derived nitrogen-centred radical cation 
(ABTS’ + ), accompanied with a short-lived phenoxy 
radical. 

Ferrocene, di-2,4-cyclopentadien- 1 -yliron, 

Fe(C 5 H 5 ) 2 , which is used in the manufacture of in- 
tegrated circuits (Fox and Rader 1988) and acetyl- 
ferrocene react with cyanomethyl and ethoxycarbo- 
nylmethyl carbon-centred radicals leading to 
homo- and heteroannular disubstituted products 
(Baciocchi et al. 1993). Histochemists used 1- 
chloromercuriferrocene as an electron-opaque 
stain for aldehydes and thiol groups (Allen and 
Perrin 1974, Swift 1975). 

The findings from several animal model studies 
of the pathology of iron indicate that oxidative 
damage to the membranes of cell organelles may be 
a crucial event in toxicity. There also exists a large 
body of indirect evidence from in vitro studies 




